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SUMMARY

The aim of the current graduation project is the investigation of the potential of using
hempcrete for the construction of residences in the Netherlands. The research focuses
on the prefabricated block form of the material and investigates different aspects that can
play a major role and eventually affect the choice for the selection of the material in build-
ing applications. Such aspects are: the regulation and performance proofing requirements
which are associated with the application of an unstandardised material, the application
methods, the strengths and limitations related to the nature of material, the current indus-
try barriers, its hygrothermal, energy and environmental performances according to the
Dutch building regulation in comparison to popular industrialised materials in the Nether-
lands and the related costs. The compared industrilised options were two: the Aerated
Autoclaved Blocks, which account for an industrialised option with equivalent properties
as these of the hempcrete blocks, and the option of Sand-lime bricks in combination with
Fiberglass insulation, which is currently a widely used construction option in the Nether-
lands. Dynamic hygrothermal simulations were performed in WUFI software, whereas
available EPDs were used for the investigation of the environmental impacts of the ma-
terials under scrutiny in a life cycle analysis. Available literature, interviews with parties
characterised by different roles and high experience regarding the use of biobased mate-
rials in the building industry were also used as a means for the completion of the current
graduation project.

Apart from the available literature, the research methods followed in the current gradu-
ation project were influenced by the results of the performed interviews, which indicated
aspects that could be further explored. The results of the research show that in terms of per-
formances, the material is able to satisfy the requirements of the modern Dutch building
regulation and therefore the later does not account for the reason behind the limited prop-
agation of the material in the Dutch building industry. Nevertheless, the current Dutch
regulation is currently a barrier that discourages the international material supply and dis-
regards important properties of hempcrete as its moisture buffering capacity and specific
heat capacity which can can play an important role. The Sand lime brick option has been
proved more competitive in comparison to the Autoclaved Aerated option, as hempcrete
outperformed its industrialised version AAC in the vast majority of the analyses performed
in the current study. Hempcrete shows a better moisture buffering capacity and environ-
mental footprint. The hygrothermal performances of hempcrete blocks were also proved
beneficial in the condensation analyses, where even hempcrete walls with lower thermal
resistance still reached the same performances as the better thermally designed SL walls.
Hempcrete design of the residence exhibited slightly lower energy performances, which
can be attributed to the lower volumetric heat capacity of the material.
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0.1. PROBLEM STATEMENT

The building industry represents one of the highest primary energy consuming sectors with
a significant contribution to greenhouse gas emissions, material depletion and waste.

The severe environmental consequences of the building industry have been acknowledged
and global measures have been taken towards their limitation. Norms, regulations and
standards set high requirements for energy efficient buildings with respect to the environ-
ment and the users. Biobased materials are gradually gaining space into the building in-
dustry as an efficient and more sustainable alternative to conventional building materials.
Hempcrete is a natural, healthy, and sustainable material with high performances in main
aspects that define indoor comfort and sustainability. It distinguishes itself from other
biobased materials due to its negative environmental footprint. However, even though
the existing research on the material reveals some special properties that can be proven
beneficial for the alleviation of the modern environmental problems, hempcrete has not
yet established its place into the Dutch building industry. The lack of its standardisation
results to uncertainty about its application, effectiveness and associated risks and creates
restraints that hinder the propagation of its use in the Netherlands. These restraints may
be associated with the developers, the suppliers, the government or even the capabilities
of the material.

The current graduation study will deal with the lack of produced and distributed knowl-
edge regarding the application of hempcrete in Dutch building projects which is currently
responsible for the reluctance of interested parties to increase its use in the Netherlands.
The study has been performed in collaboration with DGMR and investigates the level of ad-
vantageousness — in sustainability and financial terms - of using hempcrete in residences
in the Netherlands. For this purpose, the effectiveness of the material in the reduction of
environmental and financial costs when both its qualities and restraints are considered
is assessed in a case study. Hempcrete’s use is approached in a multidimensional way as
different aspects like the application requirements, the energy performances, the indoor
comfort regulation levels, financials (benefits and losses e.g. net surface, price) and sus-
tainability will be investigated by means of simulations and interviews.

0.2. RESEARCH OBJECTIVES

The introduction of new building products in the market is a complex procedure. The ma-
terial performances have to be sufficient to compensate for the difficulties and risks that
are associated with the new product’s use in order to attract interested parties willing to
explore its capabilities. Common issues like a lack of standards and regulations, a need
for additional research and a lack of certified suppliers can create hesitancy and hinder its
establishment in the market when the potential profits are not competent to those of a tra-
ditional material. Appealing profits can gradually attract investors and increase motivation
towards research and governmental interference, which are essential for the establishment
of the new product.

According to the aforementioned the objectives of the current research have been set and
are presented below:
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Principal objective:

% The principal objective of the current study is to assess the level of advantageousness in
terms of sustainability and finance of the use of hempcrete in residences in the Nether-
lands in comparison to frequently selected conventional and industrialised design op-
tions when both the material related qualities and restraints are considered.

Secondary objectives:

Y
L4

Define the required properties of hempcrete for a safe and adequate application.

% Map the current difficulties and issues faced in the Netherlands when hempcrete is
used in the construction of residences.

R
**

Assess the performances of hempcrete in comparison to conventional design options in
the aspects of indoor comfort and energy efficiency in residences in the Netherlands.

R
**

Assess the performances in environmental and financial terms.

0.3. RESEARCH QUESTION

The objective of the current study can be summarised in simple terms in the question: Is
it advantageous to build with Hempcrete in the Netherlands under the existing restraints?
However, this question is too broad and needs to be narrowed down to a more specific
research scope. Thus, the following research question has been composed:

% How effective is hempcrete at reducing environmental and financial costs while estab-
lishing indoor comfort in residences in the Netherlands in comparison to the design
options of using aerated concrete blocks or sand-lime bricks?

After defining the main research question the problem was deconstructed to four self-
contained sub-problems which are summarized in the following sub-questions:

1. What are the properties and the related parameters that need to be examined to guar-
antee that hempcrete blocks are safely* and adequately** applied with regard to their
intended use in a selected case study?

2. What are the current restraints in hempcrete’s use in the Netherlands and how can
they affect the decision of using hempcrete in building constructions?

3. How does the hempcrete block design perform in the analyses relevant to the re-
quired building aspects in comparison to the AAC design option and the sand-lime
option?

4. What impact does choosing a hempcrete block design instead of the two predefined
conventional Dutch masonry design options have on the environmental and finan-
cial costs?
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Where:

*  The term safely refers to the minimisation of the possibility for degradation or health
threatening situations (e.g. fire safety, air quality ) to occur.

**  The term adequately refers to the exploitation of the material’s beneficial properties and
the abatement of its weaknesses as efficiently as possible.

0.4. RESEARCH METHODOLOGY

After consideration, the most appropriate method to address each of the aforementioned
problems was defined.

Firstly, the properties that should be addressed to guarantee a sufficient performance of
the product for its use are defined by studying the literature. The intended use for the
hempcrete blocks is defined in the case study (facade and internal partitioning) and then
the essential requirements associated with the selected intended use are determined (e.g.
thermal insulation, thermal mass, acoustic insulation, resistance to high moisture levels
etc.). The parameters that are associated with each of the requirements (e.g. thermal insu-
lation: thermal conductivity (1)) are identified by the standards and DoPs of some selected
industrialised materials with similar applications and properties.

A range for the values of parameters which are associated with the main properties of
hempcrete (Section 3.3. The main properties of Hempcrete) are specified according to
the available studies and regulation. Hempcrete is not standardised in the Netherlands,
so governmental specifications regarding its material properties or performances do not
exist yet. The required level of performances and thus the values for the related proper-
ties are defined by the existing Dutch regulations depending on the location of hempcrete’s
application in the case study.

The current restraints that hinder the propagation of hempcrete’s use in the Netherlands
are specified by two different means. A study on the current Dutch building regulations and
the available literature demonstrates the governmental and practical issues that hempcrete
projects face in the Netherlands. Furthermore, interviews with parties with experience on
hempcrete applications have been performed to provide additional information as experi-
enced in practice. The persons selected for the interviewing are professionals with different
roles.

According to the outcome of the aforementioned, some critical detailed sections and the
type of analyses that need to be performed were defined. These analyses were a degra-
dation risk assessment analysis, a building energy performance analysis, and a Life cycle
Analysis. The same analyses were performed for the conventional and industrialised wall
designs. The materials of the conventional and industrialised wall designs were selected
with the aim to provide a fair comparison and enough stimulation for the promotion of
hempcrete’s use. For this purpose, a residence with an adequate scale to allow the perfor-
mance of the different simulations was selected. The residence is located in the Nether-
lands and has already been constructed. Indoor conditions have been monitored and fea-
tures as the energy consumption are known. The aforementioned allow assess the simula-
tion results in comparison to the reality.
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The outcomes regarding the option of applying hempcrete instead of the other two con-
ventional construction materials in the case study have been collected and are presented
in the final chapter in combination with the respective sub-questions. These outcomes
include the results of the analyses as well as some applicational aspects that were iden-
tified during the design of the detached residence and are mainly related to the different
structural system (Timber structural frame vs loadbearing masonry). The possible effects
of these outcomes on the financial benefits and costs of the residence, are also elaborated.

0.5. DISCUSSION ON ALTERNATIVE RESEARCH MEANS

The research means

Other methods could also have been suitable for the purpose of this study. Some alterna-
tives and the reasons why they will not eventually be part of the study are elaborated in this
section.

Constructions of building mock-up sections could also allow performances (such as hy-
grothermal, acoustical, related, moisture related performances etc) to be tested in real time
conditions. However after studying the literature it was understood that sufficient similar
research had been already performed towards defining such performances. Besides, sup-
pliers of the material already exist in the market and as a result some essential for the mate-
rial properties have already been tested and defined. In addition the expected time needed
for a graduation project of 40 ects is approximately nine months. This period was consid-
ered insufficient for the mock-ups to be adequately designed, constructed and tested in
order to finally provide complete results.

On the other hand, simulations could be a time efficient alternative to acquire sufficient
information on aspects as condensation and mould growth risks, dynamic moisture regu-
lation and dynamic thermal conductivity alterations due to it while additionally allowing a
comparison of the aforementioned properties and their results (e.g. enhancement of ther-
mal comfort, influence on the energy consumption) between hempcrete and the substitute
material.

Furthermore, making use of questionnaires instead of interviews was also considered ini-
tially as questionnaires could allow input from more parties to be implemented into the
study. However, it was decided that interviews could correspond better to the purpose of
the study. With interviews parties have more time to express themselves and elaborate on
their thoughts especially when open questions are included too. The interviewer can in-
terfere, explain or request for further information when needed. In this way, additional
unexpected input can arise for the study. A significant part of the study was to identify ap-
plicational and practical aspects that can be associated with the use of hempcrete in prac-
tice in actual Dutch building projects. Since my experience on the Dutch building industry
is only limited I decided that preparing questionnaires where interviewees would be asked
to answer defined questions may could lead to unintended omittances or inexpediencies
due to my lack of in practice experience. Interviewing on the other hand could provide
further enlightenment to the study.
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The sofware

Indoor comfort and energy consumption simulation

Hempcrete as a porous material is able to dampen indoor humidity variations through the
exchange of moisture (Moisture Buffer effect) and provide high indoor comfort levels due to
its special hygroscopic properties. Its porous nature determines its sorption and capillary
behaviour and thus effects significantly the moisture balance equation in a room. A neg-
ligence of such an influence may lead to an incorrect prediction of the direct and indirect
energy demand due to the relation between the latent heat effects, the comfort condition
modifications, the heat transport parameter and the moisture content. Thus, an accurate
modelling of the coupled transient heat and the moisture equations should be part of this
study [1].

After research, two different possible simulation methods were found:

* Use of the COMSOL Multiphysics software and the introduction of results to Design
Builder

¢ Use of the WUFI software

According to studies [1], COMSOL and WUFI can be used to create a transient air heat
and moisture model capable of providing an accurate simulation of the moisture exchange
between a lime hemp concrete blocks and the surrounding air.

Regarding the first simulation method, the detailed properties of the hempcrete sections
can be defined in COMSOL and then they can be introduced in Design builder for a build-
ing energy performance and indoor comfort analysis.

On the other hand, WUFI is another standard tool for the assessment of hygrothermal per-
formances in one-dimensional and two-dimensional cross sections. Importing the results
in WUFI Plus allows to dynamic hygric and the thermal simulations both in room and
building component scales [2].

Studies that compare the COMSOL model results to the results of an actual experiment and
the results of a WUFI Pro simulation have been performed [1]. The results of such compar-
ison proved that there is an agreement between the simulations performed between the
two different types of software. The simulated models predicted accurately the moisture
exchanges, with COMSOL to exhibit slightly more accurate predictions. Nevertheless, tem-
perature variations between the surface of the specimen and the modelling results indicate
an overestimation of the latent heat effect amplitude in both software computations.

According to the findings of the aforementioned studies [1], both software methods are
considered acceptable for the purposes of the current graduation study. WUFI simulation
is expected to be more direct than the COMSOL Multiphysics simulation since the energy
and comfort performances of the building can be predicted directly by making use of WUFI
. Consequently, WUFI was selected for the purpose of the study.
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Figure 1: The relative weight of the specimen as simulated and measured during the experiment [2].
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Figure 2: The temperature on the surface of the specimen as simulated and measured during the experiment
[2].

0.6. THE INTERVIEWS

The performed interviews had the form of semi-structured interviews. This type of inter-
view was selected because it is beneficial when examining uncharted territory with un-
known issues. Semi-structured interviews include probing and open-ended questions which
aim to gather information and potentially reveal unforeseen aspects. The process of prepar-
ing, setting up, conducting and analysing this type of interviews can be time consuming
and thus allows only a limited number of participants [3]. For this reason consideration
is required regarding the selection of the potential respondents. For the purpose of this
study, respondents with different roles and experience in hempcrete applications had been
approached with the goal to acquire a wider image on the current situation. Hence, the re-
spondents were selected to be:

* Chadi Maalouf - Associate Professor at the French University of Reims Champagne-
Ardenne with high experience in hempcrete and other biobased materials.

* ISOHemp - Hempcrete supplier with trading activities in the Netherlands and other
countries.

 Ralf van Tongeren - Specialised architect in biobased design and Secretariat of the
Dutch hempcrete association.

* Frank Lambregts -The building physics project leader of the currently largest scale
hempcrete project in the Netherlands.

Jean Franzen - Biobased materials and sustainability advisor in DGMR
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The interview guides were prepared to include the overview of planned discussion topics
and the relevant questions in a logical order. Each interview included different questions
with regard to the role of each interviewee. Effort was made to condense the issues that
needed to be addressed to no more than ten open-ended questions per interview in order
to sufficiently guide the procedure and collect information without bombarding partici-
pants with questions. Notes have been made in advance with the information that was
aimed to be gathered by each question so that intervening could be done more easily and
efficiently. The aim of the questions was to collect knowledge from the experience of the in-
terviewee but also to spot possible omittances which could have lacked from the literature
review. The latter led in some case to acquire information that already have been found in
existing literature. The interview guides were sent to the respondents beforehand to allow
some preparation before the interview.

The interview guides for each interviewee are presented in the Annexes (Figure: A.1, Fig-
ure: A.2, Figure: A.3, Figure: A.4). The text which can be found in brackets and italics under
each of the main open-ended questions was not included in the interview guides which
were sent to the interviewees. It includes the additional questions or clarifications that
could be addressed in case they were not mentioned in the answers.
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2 1. STATE OF AFFAIRS

1.1. BIOBASED MATERIALS

Historical Review

He term of industrialisation refers to different periods in history. Each industrialisation
T period is defined by a particular innovative invention that had the power to change the
process of production drastically. The first industrial revolution started in the 18th century
and flourished in the 19th century. It was aroused by the invention of steam engines ca-
pable of allowing mechanised production. At the end of the 19th century the invention of
electrical power engines initiated mass production and lead to the outbreak of the second
industrial revolution, followed by the third industrial revolution in the middle of the 20th
century when digital information technology became the norm for the automated produc-
tion [1].

FIRST INDUSTRIAL SECOND INDUSTRIAL THIRD INDUSTRIAL FOURTH INDUSTRIAL
REVOLUTION REVOLUTION REVOLUTION REVOLUTION

1700 1800 1900 2000 2100

Figure 1.1: The industrial revolution timeline [1].

Industrial revolution created a need for standardisation. Mass production was only pos-
sible if adequate machines were able to be maintained, replaced or duplicated when re-
quired. Before the outbreak of the industrial revolution, machinery components used to
be duplicated following a dialectical system method. According to this method, the new
component used to be remodelled in response to an existing component by making sure
that both elements suit each other. Components could only be produced linearly one after
another in reference to their adjacent element, which resulted in a slow procedure unable
to keep pace with the new reality that mass production had created [1].

The concept of modularity gradually developed. This technical system was an absolute
system based on normative measurements independent of any physical references. Com-
ponents were produced according to technical drawings which described precisely the re-
quired dimensions. This production principle entered the market at the end of 19th century
and allowed a more parallel production. The difficulty of sharing the technical documenta-
tion and producing by hand components that precisely correspond to the defined dimen-
sions, however limited its use. The introduction of machines capable producing normative
components facilitated and accelerated the production [1].

Before industrialisation, natural and biodegradable materials had been used as building
materials since centuries. Countless examples of such constructions have been created
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and constitute the fundamental aspects in the traditional architecture of different civilisa-
tions. Earth constructions made by adobe which were dated around 8000 to 6000 BC have
been discovered in Turkestan [2]. The oldest rammed earth buildings were constructed at
Catahyouk in Turkey around 10,000 years ago [3]. Rammed earth was also used initially
for the construction of the 4000-year-old Great Wall of China, while the covering of the
Wall with stones and bricks only occurred later [2]. Cob houses found at the Tiébéle vil-
lage and decorated with tribal motives have been developed to an architectural landmark
of Burkina Faso. Multistorey cob buildings dated from 9th to 13th century have been con-
structed in the city of Shibam in Yemen and belong to the UNESCO’s World Heritage List
since 1982 [4],[5]. Cultivated building materials had also been used for ages. According
to the German architect Frei Otto, the history of building with bamboo probably begins
with the history of Man’s development and it is most likely that it has not yet come to an
end. This statement, which was made in 1985, correctly predicted the current revival of
the interest in Bamboo’s potential as a building material [6]. Wood has been omnipresent
in traditional architecture, with Japanese, Chinese and Central European traditional build-
ings representing some of the most characteristic examples. Hempcrete has been detected
in the abutments of Merovingians bridges in France dating back to the 6th century AD [7]
and straw bales have been firstly used in buildings with the form of blocks in the 1870s.

The sudden increase of the world’s population created the need for a rapid construction
of shelters. The industrial revolution and the new technological possibilities allowed the
invention and fast production of new materials with astonishing structural performances
that outperformed natural materials and thus marginalised them. The already gained knowl-
edge on biodegradable materials was forgotten while the aroused interest in the new in-
vented materials created prosperous conditions for exploratory research. The properties of
those materials were mapped in detail and developed gradually in parallel to building stan-
dards in order to meet the required needs which got stricter over time. Eventually conven-
tional industrialised materials evolved significantly while natural and biobased materials
remained frozen in time [6].

Biobased materials in modern times

The 21st century is characterised by an environmental crisis. The scientific society, moti-
vated by the dire need for a change, has seen potential in biobased materials. Scientists
put in test progressively innovative applications driven by the will to substitute conven-
tional industrialised materials. Numerous examples can be found in literature. The rapidly
flourishing knowledge in timber and the modern technology had made the construction
of the 85m tall Mjostarnet timber building possible. Progress towards the determination of
hempcrete’s required properties for building applications have been observed in different
countries . Mycelium composites produced by biding high efficiency natural insulators as
hemp fibres and straws with mycelial growth have been proven to exhibit excellent thermal
performances competent to those of glass wool and XPS [8]. Composites made of starch
and sugar beet pulps have been assessed as an lightweight and eco-friendly insulative alter-
native and have been found to exhibit a remarkably low thermal conductivity (0.070 W/m)
[9]. Researchers at the USA’s Rensselaer Polytechnic Institute currently work on the devel-
opment of hemp fiber-reinforced thermoplastic rebars, with the ambition to replace with
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a sustainable and durable alternative the conventional steel rebars and their substitute fi-
bre reinforced polymer (GFRP) rebars in corrosive environments [10]. Bio-polymers have
proven to manifest remarkable potential as cementing agents and insulators and compos-
ites made of corn starch, sand and water can reach an unconfined strength of 20MPa [1].
However since the sustainability of agricultural generated biopolymers can be debatable,
due to the amount of land, nutrients and fertilizer that it requires, scientists have been
searching for alternatives in agricultural residues. Spent coffee grounds incorporated with
natural wax display phase change properties and can be useful for building applications in
terms of thermal performances [11].The suitability of Poly lactic acid - a thermoplastic bio-
polymer that can be produced by food waste [12]- to replace a percentage of aggregates in
concrete mixtures [13] or to form efficient insulating foams [14] has been assessed in recent
studies.

Modern Architecture has also been influenced by this trend. Neri Oxman, a tenured pro-
fessor at the Massachusetts Institute of Technology and the founder of the Mediated Mat-
ter Group, innovates at Material Ecology, the field where Biology interconnects with Tech-
nology for the creation of ecological and sustainable designs [15]. Zaha Hadid Architects
(ZHA) design of the first entirely wooden stadium Gateway to Stroud has been approved
[16]. Francis Kéré , architect and Chair of Architectural Design and Participation professor-
ship at the Technische Universitdt Miinchen, known for his intelligent use of local materials
to connect and respond to the natural climate [Pritzker Price Website] and his devotion to
sustainable designs and sensitive approaches, has received the Pritzker Price of 2022 [17].
MVRDV one of the biggest Dutch Architecture firms in the Netherlands, has used timber
for significant large scale projects as the PUJIANG PEAKS, a building of 95000 m2 surface
with timber structure and facade [18].

The environmental impact of buildings and the benefits of biobased materials

The life of a building is composed by the five stages (Figure 1.2). According to studies, the
highest environmental impact appears during the building’s use phase as a result of its op-
erational energy and maintenance costs. The main emissions produced during this stage
are those caused by the fossil fuel combustion for the heating, cooling and the generated
electricity for the building’s operation. Depending on the location and the building’s char-
acteristics, the energy consumption in the use phase can even surpass 80% of the total en-
ergy use [19]. Figure 1.3 depicts a breakdown of the energy consumption of the residential
sector in the Netherlands according to a study performed by Eurostat in 2019. The required
energy for space heating reaches 61.8% and thus accounts for the highest proportion of the
total energy consumption in buildings. Considerable amounts of energy are observed in
the categories of lighting and appliances and water heating, with a percentage of 18.3% an
17.4% respectively [20].
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Figure 1.2: The different stages in life cycle assessment according to EN 15978 and EN 15804 [21] .

Share of final energy consumption in the residential sector by type of end-use, 2019

(%)
. . . . Lighting and
Space heating Space cooling Water heating Cooking - Other end uses

EU 63.6 0.4 14.8 6.1 141 1.0
Belgium 732 0.1 119 17 12.8 0.4
Bulgaria 521 0.5 182 8.8 207 0.0
Czechia G8.9 0.1 16.7 6.1 6.6 1.6
Denmark 59.7 0.0 228 1.7 15.4 0.6
Germany 66.8 0.2 16.7 6.3 9.1 0.9
Estonia 714 0.0 17 51 1.7 0.0
Ireland 60.6 0.0 19.8 22 16.5 0.9
Greece 56.3 4.9 133 6.2 19.2 0.0
Spain 424 1.0 17.8 74 31.3 0.0
France 65.3 0.3 11.3 55 17.6 0.0
Croatia 67.1 20 104 7.0 136 0.0
Italy 66.3 0.8 120 6.5 12.9 14
Cyprus T4 10.5 221 77 205 17
Latvia 65.8 0.0 18.6 6.9 8.0 0.6
Lithuania 70.2 0.0 86 6.7 14.5 0.0
Luxembourg 822 0.2 T8 24 74 0.0
Hungary 707 0.2 131 5.0 10.9 0.0
Malta 183 114 26.5 141 29.0 0.8
Netherlands 61.8 0.2 174 22 168.3 0.1
Austria 69.6 0.0 14.2 27 10.4 31
Poland 63.2 0.0 173 89 10.6 0.0
Portugal 274 0.6 176 36.0 18.3 0.0
Romania 62.3 0.3 137 101 137 0.0
Slovenia 625 0.8 16.8 4.2 15.8 0.0
Slovakia 728 0.1 126 43 10.2 0.0
Finland 66.1 0.2 153 1.0 12.0 55
Sweden 55.2 0.0 142 1.6 19.8 9.2
Norway 66.2 0.1 130 16 18.3 0.8
United Kingdom 62.2 0.0 17.6 28 17.4 0.0
North Macedonia : : : : :

Albania 327 17 202 27.2 122 0.0
Serbia 61.2 0.5 139 7.3 171 0.0
Bosnia and Herzegovina 723 0.6 a9 51 121 0.0
Kosovo* 69.2 37 7.0 17 10.1 23
Moldova 68.6 0.1 101 125 8.7 0.0
Ukraine 52.9 0.6 141 16.6 15.8 0.0

(*)This designation is without prejudice to positions on status, and is in line with UNSCR 1244 and the ICJ Opinion on the Kosovo declaration of independence

Souwrce: Eurostat (online data code: nrg_d_hhg)

eurostat#

Figure 1.3: Share of final energy consumption in the residential sector by type of end use,2019 [20].
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The selection of materials can highly influence the energy performance of a building during
its use phase. In addition, its environmental impact is closely associated with the products’
recycling or re-use potential and the embodied energy that occurs during their manufac-
turing. The structural components of a building have been estimated to account for the
highest proportions of the embodied energy which is partially caused by the large quanti-
ties used. As a result, an optimised structure and an adequate construction method with
an aim to decrease the amount of structural material could significantly influence the en-
vironmental impact of a construction. Studies have proven that the selection of a precast
concrete floors instead of in-situ case can decrease the environmental impact of a con-
struction since due to the larger spans that precast beams can withstand, less columns and
footings are required [19].

The environmental impact of a construction can also be defined by its levels of embodied
carbon. In general natural materials account for lower values of embodied carbon. Tim-
ber emissions have been estimated to usually vary from 0.30 to 0.40 kg CO2/kg. On the
other hand, steel accounts for the highest with an average of 2.53-2.71 kg CO2/kg. Conse-
quently, reinforced concrete’s embodied carbon is almost doubled in comparison to that
of common concrete with a range of 0.19-0.24 kg CO2/kg and 0.10 to 0.16 kg CO2/kg re-
spectively. Common bricks have similar embodied carbon values that vary from 0.14-0.23
kg CO2/kg [22]. Insulating materials account for remarkably high values with stone wool,
glass wool, EPS and XPS to range between 2.77-5.85 kg CO2/kg, 1.62-8.63 kg CO2/kg, 3.25-
6.25 kg CO2/kg and 5.21-13.22 kg CO2/kg respectively [23].

The gradually increased adaptation of biobased materials into the building industry can
alleviate some modern environmental issues as the global warming and the depletion of
resources. However, biobased materials have more to offer than just their low embodied
carbon levels. Bio-philic design has been proven to enhance the well-being of users. The
thermal, hygroscopic and acoustic properties that biobased materials incorporate allow
high levels of indoor comfort to be reachable, while the feeling of connection with the na-
ture that they create can significantly reduce the levels of physical and psychological stress
[24],[25].

Provisions for a sustainable implementation of biobased building materials

Industrialised materials fall short of biobased materials in terms of sustainability and en-
vironmental preservation and conceivably will flounder to cope with the environmental
goals of future standards. Nevertheless, considerable research needs to be done towards
biodegradable materials to bridge the gap created by their multi-annual marginalisation.
A guarantee that they are able to satisfy the modern standards’ requirements and are liable
to mass production is essential for their re-introduction in the building industry [1].

An excessive production to cover the building industry needs without precaution or proper
analysis can often lead to undesirable results. Hyper cultivation of coniferous plantations
during the 20th century in Great Britain had caused a sever acidification of soils and a se-
rious loss of biodiversity. Besides, in a highly populated world, soils degraded or highly
occupied at the expense of food production is not the optimum approach. Nevertheless,
when a balance is achieved, the production of cultivated materials has some additional
hidden benefits [1]. With sustainable management, forests can maintain their biodiver-
sity and productivity since the operations are structured to be profitable without being
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unfavourable to the ecosystem or society [26]. Such a management promotes the con-
servation of soils, the protection of watersheds, the increase of carbon sequestration and
the development of recreation and tourism [1]. Locals can enjoy the environmental and
financial long term benefits and get the motivation to sustain the forest resources. Thus,
urbanization can be alleviated.

1.2. BUILDING LEGISLATION
Current State Of Affairs

The building industry represents one of the highest primary energy consuming sectors with
a significant contribution to greenhouse gas emissions, material depletion and waste. Ac-
cording to studies, the sector accounts for 35% of the global energy consumption, 40%-50%
of the global amount of greenhouse gas emissions, and 40% of the global economy’s mate-
rial use [27], [28]. Its sharp growth has been proven harmful for the environment. Ozone
depletion, global warming, destruction of the natural environment and loss of biodiversity
are only some of its detrimental results.

The severe environmental consequences of the building industry have been acknowledged
and global measures have been taken towards their limitation. The European Union’s ef-
forts to mitigate the environmental impact of human activities are epitomised with its par-
ticipation in the Paris agreement. With the Paris Agreement, intermediate milestones have
been set to ensure a gradual reduction of the greenhouse gas emissions adequate to limit
the global temperature increase in the 21st century to a maximum of 2 degrees Celsius with
an additional ambition for a further reduction to a maximum of 1.5 degrees [29]. For this
purpose, commitments and guidelines had been defined for all the parties in order to guar-
antee their collaborative work towards the mutual goal of the emissions’ reduction for an
ultimate net-zero emissions world.

The Paris Agreement was negotiated by 296 parties and was accepted by consensus at the
UN Climate Change Conference (COP21) which took place in Paris on the 2nd December
2015. It went into force on the 4th November 2016 and today includes 193 parties [30]. In
the period between 2015-2017, the parties defined and submitted their nationally deter-
mined contributions (NDCs), namely their initial action plans and commitments for their
contribution to the reduction of the global warming. In 2020-2021, the NDCs had been
revised and more strict measures have been implemented to strengthen each party’s cli-
mate plan. According to the agreement until 2030 the countries must have reduced their
emissions by at least 45% compared to the 2010 levels. By 2050, the transition to net-zero
emissions word must have been completed [29], [31].

The Netherlands has set its national targets for the reduction of the national greenhouse
gas emissions. The Dutch government aims to a greenhouse gas decrease of 49% by 2030,
and a 95% decrease by 2050 compared to the 1990 levels. The policy and measures that
need to be followed for the achievement of these climate goals are presented in the Climate
Plan, the National Energy and Climate Plan (NECP) and the National Climate Agreement.
The Netherlands, as every member state of the European Union submitted an Integrated
National Energy and Climate Plan (NECP) to the European Commission by the end of 2019.
The Climate Agreement, which accounted for a significant part of the aforementioned, con-
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tains the arrangements between the highest greenhouse gas producing sectors, namely the
sectors of electricity, industry, built environment, traffic and transport, and agriculture for
the achievement of the national climate goals [32]. The agreement is based on the princi-
ple that the transition towards the minimization of the greenhouse gas emissions should
be feasible and affordable for everyone [33],[34],[32].

The revision of old directives (as standards, regulations and norms) and the development
of new ones has been the main means to realise the aforementioned environmental goals.
For the building industry, those directives set the required guidelines for the establishment
of energy efficient constructions with high levels of sustainability.

Standardisation of building products in the European Union

Construction products should provably contribute to the establishment of safe and heal-
thy indoor conditions. For the design and fair trade of such products, the EU has stipu-
lated the Harmonised European Standards under the provisions of European Construction
Products Regulation. Manufacturers must draw up a declaration of performance and af-
fix a CE marking for every construction product when there is the wish to comply with a
Harmonised European Standard.

For the Declaration of Performances (DoP), the manufacturer needs to define the intended
use (e.g. indoor or outdoor) of the material according to the ones stated in the relevant
Harmonised Product Standard and indicate the essential features and properties related
to the intended use according again to the relevant standard. The Declaration of Perfor-
mances should at least include one declared performance and in the case that the Euro-
pean Commission or a Member State has set a requirement linked to a special characteris-
tic, the related performance to that essential characteristic should under all circumstances
be defined by the manufacturer. The CE marking signifies that the product had acquired
all the legal requirements regarding safety, health and environmental protection manners
and can be sold throughout the European Economic Area (EEA).

However, sometimes specific products may not be covered by a harmonised standard. In
this case, manufacturers can request for a European Technical Assessment, according to
which the declaration of performances will be drawn up and the CE marking will be ar-
ranged. The European Technical Assessment (ETA) is issued by a certified technical as-
sessment body according to the directives of the European Organisation for Technical As-
sessment (EOTA). The final document ( European Assessment Document, EAD) accounts
for a harmonized technical specification, which contains the essential information for the
product’s technical assessment. It provides information on the intended use and the rele-
vant performances of a product and includes a general description of the product, the list
pf the essential characteristics of the product as agreed by the manufacturer and the EOTA,
the methods to assess the relevant to the essential characteristics performances and the
principles of the factory production control [35].

Nevertheless, the DoP, ETA and CE marking only indicate the essential properties for a
product’s intended use and not whether the product is suitable for a specific application.
The latter arises from the national building regulations of EU Member States [36],[37].
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The environmental product declarations (EPDs)

Another type of declaration that gradually becomes essential for the trading of a product
are the Environmental Product Declarations (EPDs). EPDs are a reliable and verifiable
means to define the environmental performance of construction products and services.
EPDs in EU are composed according to the EN15804 standard which is based on the Life
Cycle Assessment method (LCA). They account for an objective tool to compare the envi-
ronmental impact of materials or products and respectively optimise the building’s design.
They are not yet mandatory in the European Union, nevertheless,some countries as the
Netherlands, Belgium, Sweden and Norway have already established their compulsory use
with their building regulations. In addition, EPDs are commonly used in green building
schemes and modern certification standards as WELL, LEED, BREEAM, which are accredi-
tation means to guarantee the high sustainability levels in buildings [38].

The importance of standardisation for a safe application of unstandardised products

In order to draw a safe and fair conclusion on whether a building product is suitable for a
specific application, designers should focus on two main aspects. Firstly, designers must
be able to conclude that all the essential for the intended use properties have been prop-
erly tested and declared by the manufacturer in the DoP. That allows an identification of
the product’s capabilities and limitations and provides security to the developers about the
credibility of the declared information. For an unstandardized building product, as already
stated before, manufactures have to request for an ETA according to which the DoP is is-
sued and the CE marking is arranged.

In addition, after ensuring that the properties of the material are properly certified, de-
signers must check whether the material can serve its purposes and perform sufficiently as
part of a building system. For standardised materials, EU has issued material related har-
monised standards, where all the required methodology to assess their performances is in
detail described. For the case of unstandardised materials, designers must decide on their
own which aspects of the product should be assessed and according to which factors the
results can be accepted or not. To some extend national building provisions can be used for
this purpose as the Building Decree (Bouwbesluit 2012) in the Netherlands. In this way, the
impact of the material on the performances (e.g. environmental, energy, indoor comfort)
of the building can be used as a factor to assess its suitability after performing the related
analyses. However, in order to acquire accurate results, engineers must be able to under-
stand how the material is expected to perform on a smaller scale e.g. a building element or
part of a building element and if its application has be done correctly, so namely in a way
that allows the delivery of the expected performances. Due to the lack of official material
related guidelines, assessing the performance and application of an unstandardised mate-
rial in small scales heavily relies on the personal knowledge and experience of the involved
engineers.
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1.3. THE BUILDING LEGISLATION IN THE NETHERLANDS

Bouwbesluit 2012 — The Dutch Building Decree

Bouwbesluit 2012 contains regulations regarding the construction, renovation, use and de-
molition of structures as well as the required constructions activities. It applies to both ex-
isting and new structures with residential and non-residential uses and sets the minimum
required levels. It includes technical building regulations on the point of view of safety,
health, usability, energy efficiency and environmental performances as well as regulations
related to installations, uses and construction and demolition activities.

The history of building regulations in the Netherlands begins during the 20th century when
the great urbanisation waves caused by industrialisation and the outburst of several epi-
demics created unhealthy living conditions in the urban centres. The first attempt for the
creation of building regulations in the Netherlands, is reflected in the Housing Act of 1901,
which stipulated the requirement for the establishment of regulations by every municipal-
ity regarding the construction, renovation or the expansion of residences. These regula-
tions formed the building code of that time and accounted for the directions that builders
should comply.

The dire urge for massive reconstruction after the Second World War, quickly bared the in-
appropriateness of that building code. The differences in the regulations created by the
different municipalities impeded the construction of standardised residences in multiple
locations in the Netherlands, since usually the design required several modifications in or-
der to comply each time with the respective local regulation. Several governmental acts
over the years attempted to eliminate this issue and direct towards a standardization of the
building regulations. The proposal for a national building decree firstly appeared in the 80s
and came into effect in 1992 with the completion of the first Building Decree phase. The
Building Decree 2012 ( Bouwbesluit 2012) accounts for its current modern form [39].

BENG (Bijna Energieneutrale Gebouwen) — The energy performance regulation

In addition to the Dutch Building Decree, all new buildings in the Netherlands should com-
ply with the Bijna Energieneutrale Gebouwen (BENG) regulation. This regulation sets the
requirements for the design of buildings with reduced energy consumption levels and al-
most energy neutral performances. The results are assessed according to the NTA 8800:2022
standard. The energy performance assessment is based on three fundamental require-
ments, which are:

BENG 1 — According to which the maximum energy demand in kWh per m? of usable
area per year (kWh/mz2.yr) is determined. For the assessment of a building according to
the BENG 1 requirements the total demand for the cooling and heating of the building is
calculated. The performance of the building in this requirement can be improved with an
optimisation on the building envelop which can be achieved by adequately selecting a glass
to wall ratio on the facade, a sufficient insulation thickness, a limitation of thermal bridges,
a sealing upgrade etc. The calculation is based on an neutral ventilation system and the
requirement can be met either with renewable or fossil energy.

BENG 2 — According to which the maximum primary fossil foil energy consumption
in kWh per m2 (kWh/m?2.yr) is determined.
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In the case of BENG?2 the total fossil energy consumption is calculated based on the sum of
primary energy consumption for heating, cooling, hot water and ventilation. For no resi-
dential buildings the primary energy consumption for lighting and humidification is addi-
tionally considered. In comparison to the energy requirement (BENG 1), the fossil energy
consumption calculation also includes the system losses, the efficiency of generators and
the primary energy factors of the national energy mix. The amount of energy generated by
renewable resources, can be deducted from the total primary consumption.

BENG 3 — According to which the minimum share of renewable energy in percentage
(%) is determined. The share of renewable energy is calculated by dividing the amount of
renewable energy with the sum of both total primary fossil and renewable energy. In some
cases, the BENG 3 requirement may not be possible to be met due to location related cir-
cumstances. In this case and under special circumstances that are described in the relevant
guideline, residential buildings may deviate from the requirement [40],[41].

The LCA analysis

Among others, Bouwbesluit 2012 sets the requirement for the determination of the build-
ings’ environmental performance, which is done according to the Life cycle assessment
(LCA) method.

LCA is a widely used technique according to which the environmental aspects of a prod-
uct can be evaluated. It gives an insight regarding the contribution of each of the life cy-
cle stages to the overall environmental load and enables a prioritisation of improvements
and comparisons between different products. A complete LCA (Cradle-to-Grave) includes
all the stages of a product’s life, starting from the raw material extraction to the product’s
dispose after its use. Two additional variations of LCA can be distinguished, namely the
Cradle-to-Gate and the Cradle-to-Cradle. Cradle-to-Gate is a partial LCA, where the use
phase and the disposal phase of a product are omitted and only the stages from manu-
facture to the factory gate are taken into consideration. On the other hand, the Cradle-
to-Cradle assessment represents a modification of the traditional Cradle-to-Grave assess-
ment, where at the end of its life the product is recycled. LCA quantifies objectively the
energy and material usage that are observed during each of the product’s stages by trans-
lating them into the resulting environmental emission equivalents. It considers five stages:
the premanufacturing, the manufacturing operation, the product’s delivery, the use phase
of the product and the end-life management (disposal, recycling, re-use) [42]. The method
is a globally accepted environmental assessment tool and represents the base for the cre-
ation of EPDs and environmental project reports.

In building scale, the relevant guidelines and analysis boundaries which are defined by the
European Union EN 15978 standard are used. EN 15878 has been created in accordance
with the EN 15804 standard, which describes the methodology for the calculation and com-
position of EPDs. EN 15804, had been revised and accepted by the European Committee
in 2019. The new version (EN 15804+A2) made the declarations of modules A1-A3, C1-
C4 and D compulsory and defined that a Cradle-to-Gate analysis is possible only under
special conditions. It introduced more complex and detailed calculation methods for the
determination of the end-life benefits and loads (Annex D) and increased the number of
the environmental categories to 13 core and 6 additional categories ( Table 1.1) [43],[44].
EN 15978 and EN15804 versions are related to each other. The version of EN 15978 which is
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currently in force (EN 15978:2011) accounts for the environmental assessment of building
with EPDs created according to the old standard EN 15804+A1. The newest standard EN
15978:2021 which is related to EN 15804+A1 and the newest m is currently published into
its draft form. The Netherlands as other EU countries is currently into a transitory stage.
The national environmental database is updated with new EPDs.

For the environmental analysis of buildings in the Netherlands, the Dutch Determination
Method Environmental Performance Construction (Bepalingsmethode Milieu - prestatie
Bouwwerken) has been developed in accordance to the EN15804+A2 standard. For the cal-
culation, the National environmental Database (NMD) which includes data on the envi-
ronmental profiles and quantities of building products, defined according to the NMD re-
quirements and procedures is used. The total amount of emission equivalents is calculated
for each of the life stages of the building. The results in each of the environmental impact
categories are then multiplied by a specified weighting factor and converted to monetary
values (€). The weighted sum is then converted to a single score environmental perfor-
mance indicator by dividing by the gross floor area in m? and the building’s lifespan in
years [45].

Impact Category Indicator Unit
Climate change - total GWP - total kg CO2-eq.
Climate change — fossil GWP - fossil kg CO2-eq.
Climate change — biogenic GWP - biogenic kg CO2-eq.
Climate change —land use GWP - luluc kg CO2-eq.

and change to land use

Ozone layer depletion ODP kg CFC11-eq.
Acidification AP mol H+-eq.
Freshwater eutrophication EP freshwater kg PO4-eq
Seawater eutrophication EP-seawater kg N-eq.
Land eutrophication EP-land mol N-eq.
Photochemical ozone formation POCP kg NMVOC-eq.
Depletion of abiotic raw materials, ADP-minerals kg Sb-eq.
minerals, and metals & metals

Depletion of abiotic ADP-fossil M]J, net cal. val.

raw materials - Fossil fuels

Water use WDP | m3 world eq. deprived
Fine particulate emissions Illness due to PM Illness incidence
Ionizing radiation Human exposure kBq U235-eq.
Ecotoxicity (freshwater) CTU ecosystem CTUe
Human toxicity, carcinogenic CTU human CTUh
Human toxicity, non-carcinogenic CTU human CTUh
Land-use related impact/soil quality | Soil quality index Dimensionless

Table 1.1: Environmental impact categories in accordance with the Determination Method.
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2.1. HEMPCRETE

2.1.1. WHAT 1S HEMPCRETE?

Empcrete is a bio- aggregate- based material, produced by the wet mixing of the chop-
H ped woody core of hemp plant with a lime binder. The use of hemp in constructions
is not a new concept. Archaeologists have detected hemp shrives used in a French bridge
dated back to the 6th century AD [1]. However, the material in its modern form firstly ap-
peared in France around the 80s, when people were searching for effective alternatives to
replace degraded wattle and daub sections in the timber frames of medieval buildings. The
use of ordinary Portland cement mortars to those sections was proven to cause the reten-
tion of moisture which resulted the deterioration of timber frames [2].

Hemp is the English term for the cannabis plant. The term (hanep in old English) is cog-
nate to the Proto-Germanic word hanapiz, which is believed to have its origin to the Scythian
word kanabis. Its scientific name is Cannabis Sativa [3]. The hemp plant belongs to the
family Cannabaceae, genus Cannabis. In comparison to other plant species, hemp has
found its place in numerous applications due to its remarkable fibre strength, length and
absorbency, its premium oil quality, and its favourable acoustic and thermal properties. It
is primary used in the sectors of construction and insulation, paper and textile and food
and nutrition, whereas cosmetics and automotive sector represent its growing markets [4].
Hemp is often mistaken to the cannabis plants used to produce marijuana or hashish. Even
though hemp contains the tetrahydrocannabinol (THC) compound too, which is known to
provoke psychoactive effects in humans, the cultivated hemp variety of cannabis entails
remarkably lower amounts of THC in comparison to the varieties cultivated for the pro-
duction of marijuana or hashish [5].

Lime is produced from calcium carbonate (CaCOj3), a substance which can be detected in
quarried limestones, coral rocks, chalk or shells. For the production of lime, limestone is
heated into a pre-heater with counter current combustion process. Flue gases flowing in
the opposite direction dry and heat the limestone [6]. The preheated material is introduced
into a rotary kiln, where the temperature of the material is homogenised. The rotation and
inclination of the kiln forces the material towards the outlet of the kiln, where a gas burner
is situated. The created heat is absorbed by the limestone by means of convection and ra-
diation and when the calcination temperature is reached the material starts to decompose.
During the calcination, carbon di-oxide (CO,) is released and quicklime (CaO) is collected
[71, [2]. The residual content of CO, depends on customer application but usually ranges
between 0.1-0.2 mass percent. According to the mass balance, at full calcination 44% of
the feed is released as CO». The lime production is characterised by two different types
of emissions, the combustion emissions which are associated with the carbon-based fuel
combustion and the process emissions which are associated with the amount of CO, emit-
ted by the raw material during production. The latter account for the 60-75% of the total
CO, emissions [6].

For its application in building, quicklime is mixed with water (slaking) and calcium hydrox-
ide is produced (Ca(OH)2). The material reacts with the carbon dioxide found in the air and
hardens by the process of carbonation and is converted to calcium carbonate (CaCO3). As
aresult, the whole process of the limestone treatment is known as the lime cycle [7], [2]. Ac-
cording to studies, a hempcrete box of 1m® consisting of Hemp Shives and 90% Hydrated
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lime has a carbon sequestration potential of 470.29 kg of CO,, while reaching 307.26 kg of
CO» sequestration in a 28 days growth period [8].

Hempcrete’s setting is done in two phases. During the initial setting phase, hempcrete
needs to be supported by form-work until strength reaches to a sufficient level to carry
its self-weight. The second phase of setting starts when the form-work is removed and lasts
for weeks. During this phase, the excess water is dried out and hempcrete continues to
harden until reaching its final strength. The nature and the characteristics of the binder
can significantly influence the process of setting and the properties of the product’s end re-
sult. Depending on the nature of the application, the desired properties of the end results
may differ. Choosing the adequate binder and the appropriate proportions of ingredients is
essential to achieve the desired properties. However, in general, in order to be effective all
hempcrete binders should allow to hempcrete to reach sufficient strength levels to carry its
self-weight after the initial set, to retain enough permeability to let the excess water drain-
ing and to achieve sufficient long term structural strength [2].

2.2. HEMPCRETE’S APPLICATION IN MODERN BUILDINGS

2.2.1. FLOORS, CEILINGS AND ROOFS

Hempcrete can be used in floors in the form of insulating, vapour permeable slabs. How-
ever, it cannot stand alone as an insulating material since it requires a significant thickness
in order to be efficient. In most of the cases, it is combined with other vapour permeable
materials and breathable types of insulation. In this manner, floors with additional thermal
mass which can act as heat stores can be created and thermal bridges can be minimised
when hempcrete walls are properly connected to the hempcrete flooring layer.

Hempcrete for floors requires higher amounts of binder than usual hempcrete walls in or-
der to achieve higher structural strength and carry higher loads. As a result, the insula-
tive performances of hempcrete floors are lower than those of typical hempcrete walls. On
ground floors, the hempcrete layer is cast on top of an insulating, free draining sub layer
which replaces the need of using a plastic damp proof membrane. The sub layer should not
allow any water capillary movement within its particles and the hempcrete slab should be
above the ground level in order to avoid common problems which are associated with or-
ganic materials and ground conditions. Coated expanded clay aggregate or recycled glass
foam aggregate are frequently used as the most sustainable sub-base options. Since the
floor consists in its total by insulative materials, its total thickness is lower than that of typ-
ical concrete floors. The floor thickness is defined by the needed U value. The hempcrete
layer is designed to be as thin as possible (80 mm — 150 mm) in order to be structurally
stable and the sub -base thickness is calculated to compensate for the required thermal
resistance (120 mm - 180 mm) [2].
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Hempcrete is rarely used in internal floors due to its extra expense, unless the higher acous-
tic and thermal properties that it can provide are needed between the different building
levels. In this case, timber battens are fixed perpendicularly to the underside of rafters or
joins and provide the required structure and reinforcement for the hempcrete ceiling. In
roofs (inclined or flat), hempcrete is also cast between rafters. Since roofs require higher
insulative performances, hempcrete insulation of different consistency (very low density
mix) can be cast straight on fresh cast hempcrete ceiling. As an alternative, in the case
that no hempcrete ceiling is wanted to be used, the hempcrete insulation can be cast on
permanent shuttering of breathable carrier boards as wood wool boards [2].

2.2.2. WALLS

Cast in situ hempcrete is created on site and then cast into temporary or permanent shut-
tering and formwork. Simple stud-work of softwood is created to structurally support the
building and hempcrete is cast in between the studs. The breathable nature of hempcrete
allows the use of untreated timber. There are two ways to place the cast in situ material,
either by hand placing or spray applying with fully mechanised delivery. The spray ap-
plied mixture has hemp shives of a finer grade than the hand placed one. The cast in
situ hempcrete is characterised by higher insulative performances and lower mechanical
strength than the prefabricated hempcrete block. In addition, the cast in situ method is
more cost effective. However, due to the nature of the production and application of the in
situ hempcrete, the final performances of the end product are difficult to be predicted. The
process of production and application as well as the drying conditions on the site create
uncertainty as they can influence the properties of the produced hempcrete significantly
[2].

(a) Blocks (b) Sprayed (c) Cast in situ

Figure 2.3: Different forms of hempcrete. (The images were retrieved online)

Prefabricated hempcrete blocks provide considerable advantages in larger scale projects.
Since hempcrete blocks are produced in monitored environments with standardised meth-
ods the properties of the end product can be predicted. In addition, the drying of the
hempcrete is completed off-site and thus the required time of the on-site constructions
is significantly reduced. Hempcrete blocks are connected to each other by using a thin
mortar made of hydraulic lime and sand in between or around a structural timber frame.
In order avoid any damage of the blocks caused during their manufacture, storage or trans-
portation, the blocks should be characterised by a sufficient structural integrity. To achieve
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that, higher density hempcrete mixes with increased proportions of binders are produced
in the expense of the insulation performances and the sustainability of the material. At-
tempts to create structural hempcrete blocks have been made, however it has been proven
that the amount of the additional binder required for the higher mechanical strength re-
sults in lower insulation performances. Thus, this type of hempcrete blocks are impractical
for exterior walls [2].

For the construction of walls made of hempcrete blocks a thin mortar made of hydraulic
lime and sand is used. The thickness of the mortal joint should be thin enough to minimize
thermal bridging but also thick enough to guarantee the integrity of the wall. In general,
hempcrete blocks alone are enough to satisfy the requirements of the modern standards,
however when this is not the case, a combination with other means of insulation is possible.
Combining hempcrete blocks with in situ hempcrete can be an efficient and sustainable
solution.

Figure 2.4: Hempcrete blocks - Application. (The images were retrieved online)

In comparison to cast in situ hempcrete that requires several weeks of drying and can be
affected considerably by the climate conditions, the plastering and rendering of walls made
of hempcrete blocks can start once the wall construction is complete. Hempcrete blocks
are not susceptible to aspects as temperature, exposure, humidity and effective drying and
that accelerates and facilitates the construction process.
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Breathability is a quality of hempcrete that needs to be sustained. For this reason, all
hempcrete renderings should be vapour permeable. The choices include breathable plas-
ters and render finishes or external cladding with vented air gaps. The applied plasters
should be at least as vapour permeable as the applied hempcrete. However, preferably the
plasters should be characterised by a higher permeability. Usually two coat lime finish-
ing plasters are selected for application due to cost efficiency, nevertheless, clay plasters
can also be used in internal applications for aesthetic and moisture regulating reasons.
Additional mechanic strength can be introduced to clay and lime plasters by incorporat-
ing hemp shiy, fines, chopped straw or commercial meshes. Clay plasters in comparison
to lime plasters have the advantage of higher moisture buffering capacities, higher ther-
mal mass and lower carbon footprints. They can contribute better to the health of the
hempcrete wall, since they can absorb higher amounts of moisture excess from the walls
and release it to the atmosphere. On the other hand, lime plasters are remarkably durable
and thus suitable for external applications. They gain strength over time due to the car-
bonisation of lime and are able to reseal small cracks on the surface (especially air-limes
and feebly hydraulic limes). Plastering with lime requires at least 5°C, but ideally should
be done in temperatures between 8 °C and 22 °C. In some cases, applying plaster on the
external walls may not be an optimum solution. In plastered facades with limited sunlight
as north facades, drying after rain may not be possible and thus accumulated moisture
may burden the hempcrete walls. In such a case cladding with a vented air gap between
the cladding and the face of the hempcrete is a more appropriate solution. Measures to
prevent moisture ingress into hempcrete from the cladding fixing should be taken and the
airtightness of the wall should be ensured. Design measures should also be applied to min-
imise water accumulation due to precipitation. During construction, it is also important
to cover the upper side of uncompleted hempcrete walls temporarily to protect them from
rain water intrusion.

As hempcrete is not loadbearing, a structural frame around it for the support of windows,
doors and cupboards is required. A typical framework for windows is made of two hori-
zontal and two vertical timber elements in a box form attached to timber studs. A lintel,
transfers the loads from above the window to the studs. Sealing beads are required for
air-tightness and water tightness reasons. There are several choices that can be applied
as stainless steel, PVC, glass-fibre or hardwood beads. Hardwood beads can be fixed after
rendering with burnt sand mastic to seal the joint between the render and the frame.

For rooms with extensive moisture as kitchens and bathrooms the moisture regulative prop-
erties of hempcrete could be proven beneficial. For this purpose, non-porous materials as
tiles and waterproof paints should avoided. Tiles could be used in places where the water
accumulation possibility is high since repetitive contact with stagnant water can lead to
the degradation of hempcrete. For the same reasons, shower walls should not be made of
hempcrete. Using renderings with high moisture regulation capacities as clay plasters to
enhance the breathability of the walls is recommenced in rooms with high moisture con-
tents.

Hempcrete is a highly alkaline material and thus attention must be paid to the materials
which which is in contact, as they can be corroded. Metals as steel can be highly affected
when they are not properly galvanised. Structural fixings made out of steel should no be
used within hempcrete. Secondary hanging materials as screws, straps and joist hangers
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should be made of stainless steel, be galvanised treated or pre-painted with anti-corrosion
coatings [2].

2.3. THE MAIN PROPERTIES OF HEMPCRETE

2.3.1. COMPRESSIVE STRENGTH

The compressive strength of a material is characterised by its ability to withstand compres-
sive loads without failing or changing its shape. Since hempcrete is made by hemp, which
is a natural product, its performance in compression may slightly vary. In comparison to
concrete, hempcrete has remarkably lower compressive strength and cannot be used as a
load bearing material on its own. The limited compressive strength of the material can be
attributed to a variety of factors as: the arrangement of the shives, the high flexibility of the
aggregate, the nature of the binder and the high porosity of the end product.

The compression strength of hempcrete can be affected by numerous factors as the type
of the binder, the shiv/binder ration (S/B), the water/binder ratio (W/B), the curing and
moulding conditions and the production method. Studies have assessed how the differ-
ent curing conditions (30%,75% and 90%), the binder content and the particle size affect
the setting and hardening of the material as well as some critical mechanical properties
as the compressive strength and the modulus of elasticity [9]. According to these studies
the Young modulus of hempcrete with intermediate performances (compressive strength
between 0.19 MPa and 1.18 MPa) can range between 7-160 MPa. An overview of how dif-
ferent parameters and conditions affected the compression strength can be seen in Table
2.1 [10]. Despite the different hempcrete mixture compositions, the compression strength
as measured in the different studies remained under 1 MPa for both moulded or sprayed
mixtures . Due to carbonisation hempcrete increases its compressive strength with time.
At outdoor conditions, the compressive strength of hempcrete reached 0.43 MPa and 1.01
MPa after one and ten months of curing respectively. The compressive strength of samples
with the same properties only reached 0.73 MPa after a 10 month indoor curing [11].

In the overviewing Table 2.2 [12], the vast majority of studies’ results again display hemp-
crete samples with compressive strengths lower than 1 MPa. Some exceptions appear at the
studies of Tronet et al. (2016) [13], where commercial pre-formulated lime-based binders
were used and the compressive strength of the samples reached 4.74 MPa, and those of Sas-
soni et al. (2014), where patented MgO based binder with water-soluble vegetable protein
resulted to a maximum compressive strength of 3.04 MPa [14]. The studies of Kioy, 2005
also indicated hempcretes with increased densities and higher compressive performances
that reached 1.98 MPa, however the composition of the mixture was not found [12].

The performance of hempcrete in compression can be improved by increasing the binder
proportions and increasing the density of the mixture with compaction. Furthermore,
studies [15] have shown that replacing an amount of lime with clay results to the creation of
hydraulic compounds that can also affect positively the compressive strength. According to
(Murphy et al., 2010), samples with lower hemp content are characterized by higher com-
pressive strengths but more brittle failures [16]. The effect of time and hemp proportions in
hempcrete made of commercial binders (TH) and hydrated calcic lime binders (CL90) can
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be seen in Figure 2.5. Adding cement to the mixture results in higher levels of compressive
strength (Murphy et al., 2010) [16],[12].
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Figure 2.5: The effect of time and hemp proportions on the compressive strength development of hemp com-
posites made of commercial binders (TH) and hydrated calcic lime binders (CL) [16].

Where: CL90H10 - 10% hemp; CL90H50 — 50% hemp; CL90H75 — 75% hemp with 90% calcic lime binder and
TH10 - 10% hemp; TH50 - 50% hemp; TH75 — 75% hemp with Tradical binder
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Studies Binder Type S/B W/B Curing Moulding Mechanical Results
Spraying
Arnaud, NHL2, 0.5 1.16 28d20C° 16x16x32 cm® The Young’s modulus of the samples
and NHL3.5, 1.50 30% RH mould produced with NHL 3.5 binder cured in
Gourlay, NHL3.5Z 1.60 50% RH 50% RH was obtained with the maxi-
2012 75% RH mum 9 MPa and the maximum com-
98% RH pressive strength 0.18 MPa.

As RH value increased, compressive
strength decreased significantly.

In samples produced with NHL 3.5Z
binder cured 50% RH, compressive
strength up to 0.31 MPa was provided
and Young's modulus was measured at
36 MPa.

Compressive strength in samples pro-
duced with NHL 2 ranges from 0.10 MPa
to 0.22 MPa and Young’s modulus ranges

from 5MPa to 24 MPa.
Chabannes 50% NHL3.5 0.5 1.5 10 11x22 cm®  The compressive strength of the sam-
etal,, 2015 50% hydrated months mould ples cured in 10 months at 20 ° C and
calcic lime 20°C and 50% RH was obtained 0.73 MPa.For 1
50% RH month curing at outdoor, the compres-
Outdoor sive strength was obtained 0.43 MPa

and 10 months curing at outdoor the
compressive strength was obtained 1.01
MPa.

Outdoor curing improved the carbona-
tion process, which enabled samples to
reach a compressive strength of 1.01 +
0.08 MPa after 10 months.

This was attributed to favourable %RH
conditions for CO2 diffusion and disso-

lution.
Elfordyet 70% hydrated 0.47 1.47 wundisclosed Spray Densities of samples with compressive
al., 2008 lime, strength of 0.180 MPa to 0.8 MPa were
obtained from 291 kgm-3 to 551 kgm-3.
15% hydraulic Density and thermal conductivity of the
lime samples 0.179 Wm-1K-1 for 417 kgm-

3, 0.421 Wm-1K-1 for 475 kgm-3, 0.542
Wm-1K-1 for 496 kgm-3 and 0.485 Wm-
1K-1 for 551 kgm-3 was measured.

15% pozzo- Increasing mortar density provides both
lana thermal conductivity and mechanical
properties.

Table 2.1: Influence of different parameters and conditions on the compression strength of moulded and
sprayed hempcrete [10]
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Study Composition Density Compressive Strength
(MPa)
Arnaud and Gourlay , NHL3.5 460 0.180
(2012)
NHL3.5Z 480 0.310
NHL2.5 480 0.100-0.220
Commercial pre-formulated lime based binder 460-500 0.300-0.340
Kioy, (2005) NA 610 1.880
NA 830 1.980
Cerezo, (2005) NA 356 0.300
NA 391 0.350
NA 504 0.700
Tronet et al., (2016) Commercial pre-formulated lime based binder (-) 1.360
) 1.630
) 2.130
) 4.740
) 3.950
Sutton et al., (2011) Commercial pre-formulated lime based binder 270-330 0.100-0.200
Sassoni et al,. (2014) Patented MgO based binder withwater-soluble veg- 330 1.150
etable protein (Canti,2013)
640 3.040
Sinka et al., (2014) 60% Dolomitic Lime +40% Metakaolin 540 0.266
397 0.154
Pure Dolomitic Lime 461 0.181
367 0.136
345 0.125
Sassu et al., (2016) NHL3.5 643 0.414
85% NHL3.5 + 15% Portland Cement 753 0.357
Portalnd Cement 638 0.622

Table 2.2: Influence of different parameters and conditions on the density and compression strength of
hempcrete (Jami et al., 2019) [12].
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2.3.2. FLEXURAL STRENGTH

The flexural strength of a material describes its ability to withstand bending stresses. Hemp-
crete samples with commercial binder (TH) have been found to reach higher levels of flex-
ural strength in comparison to those made by hydrated lime (CL90). Murphy et al. (2010)
performed experiments regarding the influence of time and hemp proportions on the de-
velopment of flexural strength of hempcrete (Figure 2.6). In general commercial binder
samples were detected to reach their early flexural strength considerably faster than the
hydrated lime samples. Low hemp content samples increased their flexural strength re-
markably fast while composites with higher hemp concentrations were characterised by
lower load carrying capacity and a more ductile failure. The stiffness of the end product is
affected predominantly by the type of binders. Commercial binder composites showed in-
creased Young's modulus values with increased binder contents. They showed no increase
in elasticity in time and in general their flexural strength decreases over time [12].
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Figure 2.6: The effect of time and hemp proportions on the flexural strength development of hemp compos-
ites made of commercial binders (TH) and hydrated calcic lime binders (CL) [16].

Where: CL90H10 - 10% hemp; CL90H50 - 50% hemp; CL90H75 — 75% hemp with 90% calcic lime binder and
TH10 - 10% hemp; TH50 — 50% hemp; TH75 - 75% hemp with Tradical binder

2.3.3. SHEAR STRENGTH

According to studies, the particle size distribution of the hemp shives is beneficial for the
shear strength of hempcrete since it can provide a better compaction. The variation of their
shapes, their rigidity and the characteristics of their surface increase the friction angle. In
addition, hempcrete is characterized by a significant ductility. According to experiments
[17], hempcrete samples which were tested in triaxial compression for the evaluation of
their shear strength, did not eventually reach the critical state within the strain limits due
to their high level of ductility. It was observed that the ductility increased with the rise of
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the confining pressure and the samples showed a considerable evolution towards a devia-
toric behaviour. The strain capacity at failure developed from 6% to 19%, with unconfined
and confined compression conditions respectively. The majority of the samples showed lo-
calised bulging and crushing at their lower parts. This was associated with the non-uniform
pore distribution, the high compressibility of the hemp shives and the densification which
occurred at the lower parts of the specimens. The aforementioned resulted in a large strain
capacity with a localised lateral expansion. A small number of samples showed a more brit-
tle failure mode of localised shear banding. Different Young modulus values were detected
for the different failure modes, with higher modulus values appearing in specimens with
shear banding failures and particularly lower values in those with bulging failures. Spec-
imens with a combination of banding and bulging (the vast majority of the specimens)
failure, were characterised by intermediate values of Young modulus. The peak friction an-
gle of the specimens was measured at 460 and the cohesion strength -which was proposed
by the authors to account for the safe shear strength for design purposes - at 0.36 MPa.

2.3.4. DYNAMIC RESISTANCE

The flexibility of the hemp shives in combination with the rigidity that the binder creates,
result in a product which has the ability to sustain high deformations under stress with-
out fracturing or failing even in conditions when the full mechanical strength of the binder
is surpassed. The absence of brittle phase in shear response, can provide energy dissipa-
tion by deformation in lateral loading as earthquakes [18]. Its resistance to crack under
deformation in combination with the additional racking strength that provides to the load
bearing timber frame, make hempcrete constructions significant resistant to lateral and
seismic loading [2].

2.3.5. FIRE SAFETY

The density and nature of the incombustible lime-based binder which encloses the hemp
aggregates results in a difficult to burn product. In reality in the case of walls made of
hempcrete blocks, it has been observed that the lime mortar at the joints accounts for the
most vulnerable part of the construction while the hempcrete blocks show sufficient lev-
els of fire resistance [2]. Several studies have been performed to assess the behaviour of
hempcrete in the case of fire. Two characteristic tests and their results are presented below.

Test 1

Hempcrete composites were subjected to a flame test for 10 minutes while they were placed
at a 10 cm distance from the source. The area closed to the flame deteriorated and became
prone to crumbling, however, specimens showed no ignition or tendency to spread the fire.
Incorporating hydrated lime in hempcrete mixtures had been observed to enhance the fire
resistance of the composites [19].

Test 2

Samples were prepared and tested according to the European standard EN 13823:2010:
“Reaction to fire test for building products”. The reaction test lasted for 1600 seconds. The
conditions in the chamber were first normalised with additional burner for 300 seconds
and then the main burner was turned on. A visual observation revealed a small ignition of
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the shives at the surface of the hempcrete. However, this initial ignition finished fast and
only the main torch continued to burn with an open flame until the end of the test. Some
small parts of the samples failed and broke down towards the end of the test. Nevertheless,
after the end of the test the material did not continue burning and spraying water all over
was enough to cool the sample down. After the test, the tested sample was classified as
class C s1, dO, where sl is the highest class for the smoke evaluation and indicates almost
zero generation of smoke and dO, which is also the highest class in the relevant assess-
ment, indicates no generation of flaming droplets. Class C is used to describe the surface
reaction to the fire and indicates some material burning at the surface, nevertheless it is
considered as satisfactory. The FIGRA graph obtained by the test demonstrated that class B
is possible to be assigned to the material only by slightly improving the its reaction to fire.
The generated curve slightly surpasses the B Class limit of 120 W/s at the beginning of the
experiment, which means that the surface ignited only at first and the burning stopped af-
terwards. The parts that ignited were proven to be some lighter parts of the material, which
were not properly cured. Those parts occurred due to imperfections in the curing projects
and could be easily avoided by using an improved technology or adding more binder to the
mixture. Thus, the achievement of class B is indeed considered possible [20].

2.3.6. THERMAL BEHAVIOUR

In situ monitoring and laboratory experimental studies have revealed hempcrete’s favourable
thermal properties. Depending on the mixture, the thermal conductivity ( 1) of hempcrete
can range between 0.06-0.18 W/ (mK) for dry densities between 200 and 800 kg/m3 [12].

Hempcrete combines both micro and macro pore scales. Micro pores found within the
hemp hurd and macro pores found within the hempcrete interconnect with each other.
According to studies, the porosity of hempcrete can range between 71.1% and 84.3% by
volume. The level of porosity can affect the thermal properties of the hempcrete product
as the conductivity is closely related to the density of a material and increases with a quasi-
linear relation. Cerezo, has defined the relation between the density and conductivity of
hempcrete through the equation A =0.0002 x p +0.0194 [21]. Other studies [12], have found
that an increase of 50 kg/m?3 in the density of the material can result to a rise of 0.005 W/mK
in the thermal conductivity of the material. Exceptional thermal conductivity values that
range between 0.07-0.09 W/mK have been reported by Sutton et al., 2011. In additions,
hempcrete’s thermal conductivity increases with an increase in the relative humidity lev-
els[12].

Apart for its ability to store heat, the hygrothermal properties of hempcrete have an influ-
ence also on the material’s thermal conductivity. Water is considered as a significant heat
conductor in comparison to dry air, which is reflected on the difference between their ther-
mal conductivity values (A, 4z¢-=0.6 W/ (mK) and 1,;-=0.026 W/ (mK) respectively). Studies
have shown that the thermal conductivity of hempcrete can increase even by 30% in humid
environments, as the capillary condensation of water into the pores of the material is un-
favorable for the thermal insulating performances [22].

Even though light weight insulation is characterised by lower A values, the U- values of
hempcrete constructions approximate those of composite walls with light weight insula-
tion since hempcrete accounts for the whole thickness of the walls. For 300mm hemp con-
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crete walls, a range of 0.22-0.89 W/m?K in the U- values of different hempcrete composi-
tions has been observed [23]. The theoretical U-values of hempcrete are based on a static
model calculation. However, dynamic monitoring of hempcrete constructions has proven
that the thermal performance of hempcrete in real life is actually better [12]. In addition,
combining hempcrete with a timber frame, can minimise cold bridges due to their similar
thermal conductivity values [2].

Hempcrete displays some special properties due to the breathability, the voluminous mois-
ture handling and the high heat capacity that it combines. Studies have shown that a rela-
tionship between the relative humidity and the thermal capacity of a hempcrete wall exists.
In comparison to lightweight insulation, hempcrete has the capacity to store and conduct
heat which changes depending on the relative humidity levels. In more detail, a specific
heat capacity of around 1500 J/kgK in dry state and 2900 J/kgK at about 99% relative hu-
midity has been detected in studies [12]. Moisture inside the material, can impede the rapid
heat flow which is observed in sudden temperature fluctuations. The change on the phase
of the moisture from water vapor to liquid water or conversely, results in an energy release
or absorption respectively [2]. The internal moisture adds thermal mass to the material
and the high thermal inertial allows the rapid warmth of the material with a conservation
of heat despite the ambient temperature alterations [10].

However, the active thermal mass of hempcrete has been estimated to be relatively low
compared to those of concrete and clay bricks. In more detail, the volumetric heat capa-city
of concrete, clay bricks and hempcrete approximates 2000 kim3K~!, 1400 kJm—3K~! and
512kJm 3K ™! respectively [24],[25]. Thus, researchers have been focused on impro-ving the
thermal properties of hempcrete by incorporating phase changing materials in the mixture.
According to studies, such an action can improve significantly the thermal performances
resulting in a material with 35-85% increased specific heat capacity and reduced thermal
conductivities [26].

The airtightness of hempcrete has also been defined by studies. In more details the air
permeability of a test building made of hempcrete panels was measured according to the
the test method A - finished state and with no temporary seals- of the BS EN 13829 standard.
The results indicated that the value of n50, which represents the number of air changes per
hour at 50 Pa accounted for 0.55 [27]. Commercial hempcrete (in poured or sprayed form)
with airtightness values better than 2 also exists in the market [28].

2.3.7. ACOUSTICS

Hempcrete incorporates to its acoustic performances both the advantages of its micro and
macro-porosity. It is an efficient sound absorbent and sound insulating material [12]. It
displays very good acoustic quality which can be modified adequately depending on the
composition of the mixture. Altering the binder type, the particles’ nature, distribution and
size, the compaction or the amount of the binder in the mixture can significantly affect
the product’s acoustical properties [2]. However, the type of the binder has been proven
to have a higher influence on the acoustic performances of hempcrete in comparison to
the shiv distribution and the physical parameters of the porosity and density. Composites
made of Lime-Pozzolana binders exhibit better absorption than composites with more hy-
draulic binders or binders which include Portland cement. Unrendered hempcrete walls
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have been proven to absorb 40-50% of the incident sound signal while noise reduction Co-
efficient (NRC) can differ significantly depending on the rendering and the binder char-
acteristics. Unrendered, rendered and commercial hempcrete composites have displayed
NRC values of 0.2, 0.4 and 0.69 respectively [12].

Binder p (Kg/m3) a: 500 Hz a:1000Hz  a: 2000 Hz
Builders mix (BM) 573 0.32 0.24 0.26
Commercial Mix (CM) 583 0.45 0.37 0.39
GGBS (G) 505 0.49 0.42 0.44
Metakaolin (M) 493 0.46 0.39 0.44
GGBS & water retainer (G+WR) 522 0.52 0.45 0.53
Metakaolin & water retainer (M+WR) 469 0.42 0.37 0.41

Table 2.3: Sound absorption coefficients at frequencies of 500 Hz, 1000 Hz and 2000 Hz of unrendered hemp
lime concrete walls made of various binders [29].

In more detail, Table 2.3 demonstrates the sound absorption coefficients for six unren-
dered hemp concretes made of different type of binders. The total results of the experiment
are presented in Figure 2.7 [29]. The composite with the 10% Portland cement (Builders
Mix) exhibited the lowest absorption coefficients in all the tested frequencies followed by
the composite with the commercial hydraulic lime binder (CM). Lime pozzolan binders
on the other hand displayed higher absorption coefficients, which can be explained by
the lower density and higher open porosity that characterises the pozzolanic binders. All
the composites under scrutiny, had high absorption coefficients at 500 Hz, 1000 Hz and
2000Hz, which decreased sharply around the frequency of 800 Hz. A mild fluctuation of the
absorption coefficients was observed at the frequencies between 800 Hz and 2000Hz. Nev-
ertheless, higher sound absorption values have been also detected in other studies. Such
values account for a > 0.9 (for frequencies: 100Hz + 200Hz), a > 0.6 (for frequencies: 400Hz
+ 500Hz) and a > 0.6 (for frequencies: 1000Hz + 2000Hz) [30]. Hempcrete blocks with a
sound absorption coefficient of a,,= 0.85, exist also in the market [31].

Binder a: 500 Hz a: 1000 Hz @:2000 Hz
Unrendered Control Wall (M+WR) 0.42 0.37 0.41
Hemp-Lime Render 1.25:1 (10mm) 0.31 0.18 0.18
Hemp-Lime Render 1:2 ( 10mm) 0.28 0.17 0.22
Hemp-Lime Render 1.25:1 (20mm) 0.29 0.16 0.18
Hemp-Lime Render 1:2 (20mm) 0.28 0.15 0.19

Table 2.4: Sound absorption coefficients of rendered hemp lime concrete walls [29].
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Figure 2.7: Sound absorption coefficients of unrendered (left) and rendered (right) hemp lime concrete walls
[29].

The influence of rendering can be seen in Table 2.4 and Figure 2.7. The absorption coef-
ficients in walls with two different types of renders were assessed in comparison to an un-
rendered wall. In the total of the cases, the highest absorption was detected at the 400Hz.
For the case of the rendered walls the absorption coefficient decreases sharply (more than
50%) in the range between 400 and 800 Hz. In fact, the absorption coefficients for the fre-
quencies of 800 Hz and higher are considerably lower that those derived in the lower fre-
quencies. For the case of the rendered wall, a notable decrease takes place between the
range 400-800 Hz, too. The absorption coefficients of the rendered walls show a signif-
icant reduction in comparison to those of the unrendered wall especially in the highest
frequencies. The rendering had caused the blocking of frequencies above f = (p4ir xXCgir)
I 2 X Pmaterial *Amaterial).- Thicker rendering caused an additional slight decrease on the
absorption coefficients across the majority of the frequencies [29].

Hempcrete can also display good sound insulation performances. According to studies, a
hempcrete wall with a 20 cm thickness can exhibit Sound reduction index values (Rw) of
around 22-32 dB (unrendered) and 39-40 dB (rendered) [32]. Similar values can be found
in commercial hempcrete blocks with the same thickness [33].

2.3.8. MOISTURE REGULATION

Hempcrete’s high levels of permeability and hygroscopicity are associated with the high
porosity of the aerogel structure of the shiv. When an adequate binder is selected (e.g.
binders with high amounts of calcium lime) these properties can be further enhanced.
Hempcrete exhibits high performances in indoor moisture regulation. In high indoor hu-
midity concentrations, allows the condensation of the water vapour inside the material
and thus the development of mold is avoided. On the contrary, in indoor air-dry condi-
tions, hempcrete releases the moisture which is concentrated in the interior of the material
back to the environment [2].

In more detail, hempcrete exhibits high water vapor permeability which approximates 2.3
x 10711 kg/(Pa.m.s) and stays almost constant for low to medium levels of relative humid-
ity. In addition, it can display an exceptional moisture buffer value (MBV) of 2g/m?..%RH
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which reflects its ability to absorb and release moisture in repeatedly changing relative hu-
midity conditions and thus regulate the ambient relative humidity [12].

Tests have been performed on walls made of precast hempcrete blocks to monitor the hy-
grothermal response of the material in different temperature and RH conditions for both
coated and uncoated hempcrete walls. The binder of the precast blocks consisted of 72%
CaO (in mass) and 28% of hydraulic binder (lime and pozzolan). Measurements were car-
ried out on the wall’s surface, within the wall and on the ambient air. According to the
results, the uncoated wall has a short response to temperature and RH, which were influ-
enced by the setpoints of the experiment. An homogeneous vapour diffusion was detected
under a vapour pressure gradient and isothermal conditions. On the other hand, in the
case of a constant vapour pressure with a reduction on the temperature, the variations of
the ambient temperature increased remarkably (sorption/desorption phenomena and/or
condensation/evaporation). For the case of the coated wall, the additional vapour resis-
tance that is present to the assembly due to the coating, had led to a reduction in the vapour
pressure through the wall and a delay in the vapour diffusion. Nevertheless, it did not stop
the sorption desorption and/or evaporation—condensation phenomena [34].

2.3.9. DURABILITY

According to studies, hempcrete is in general a durable material that can endure the ma-
jority of factors which often cause the degradation of the usual building materials.

Hempcrete constructions are not prone to degradation caused by salt exposure, since the
size of the pores is relatively large and hinders crystallisation [12]. The alkalinity of the lime
creates an unfavourable environment for mould and insects and the absence of nutrients
impedes the growth of microorganisms [12]. The high levels of permeability and hygro-
scopicity allow to hempcrete to undergo repeated absorption and desorption of moisture
for an almost unlimited period of time. However, attention must be paid to the selection of
external coverings, where moisture can be trapped and affect the durability of hempcrete
[12], [2]. Furthermore, tests have shown that hempcrete’s resistance to freeze thaw is closely
related to the hydraulicity of the binder. Specimens which have been tested in near satu-
ration conditions for a total of 10 freeze thaw cycles between -15 and 20 °C showed higher
deterioration in lime binders, as they showed a greater decrease in compression strength
and a higher weight loss than those detected in builder and commercial binders. Binders
with greater hydraulicity show remarkable resistance to freeze thaw [35]. Cyclic wetting and
drying cycles influence differently the durability of hempcrete depending on the type of the
binder. Samples with calcic lime binders have been found to degrade and lose mass and
compressive strength. On the other hand, cyclic wetting and drying was found to improve
the compressive performances of hydraulic binder composites [12].

Due to the high levels of hempcrete’s water permeability, the selection of appropriate coat-
ings is of a major importance in order to avoid an entrapment of moisture inside the ma-
terial that could lead to its degradation. Experiments have been performed to assess the
behavior of hempcrete and the influence of different coatings in climate conditions. In
more detail, the behavior of two walls made of prefabricated hempcrete blocks with two
different coatings and exposed to outdoor conditions on the one side and controlled in-
door conditions to the other were monitored for one year. The binder used for the blocks
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was a natural Prompt cement and for the interior coating of both walls under scrutiny a
commercial lime-based binder was used. However regarding the exterior coating of the
walls, a premixed lime and cement based industrialised coating with additive was applied,
whereas for the second wall an on site lime and cement based hand-mixed coating was
used. The walls were exposed to indoor climate conditions with a variation in temperature
between 15 °C and 28 °C and in humidity emissions between 170 g/h and 200 g/h. They
were installed on PASSYS test cells and were oriented towards the South. Sensors were
placed inside the blocks and in a distance of 7.5 cm from the coating apart from monitor-
ing the walls were also simulated in Wufi [36].

The indoor coatings were applied only a little after the wall was completed, in order to also
asses their influence on the drying of the wall.The results of the experiment showed that
the blocks without an indoor coating dried only a bit faster in comparison to those where
indoor coating was applied, which demonstrates that applying coating on the interior side
of a hempcrete block wall that have not been yet dried does not compromise the drying
process when the coating is vapour permeable (Figure 2.9). The effects of indoor humid-
ification on the the wall were also investigated. For this purpose an internal humidifier
that emitted moisture loads of 6 h/day was implemented. The RH inside the room raised
to more than 90% with a controlled temperature that remained constant at 25 °C. During
the night the RH reduced to around 40% which caused a variation between 1500 Pa and
3000 Pa. The moisture under the interior coatings remained stable with oscillations be-
tween 1800 Pa and 2200 Pa. According to the aforementioned, it can be concluded that for
the case of short term moisture loading even in high levels, moisture do not intrude deeply
into the material (Figure 2.10).
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the on site prepared coating (Right - Passys 4) [36].
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The influence of the exterior coatings was also investigated. The monitoring captured a
major difference in the RH level under the the two different coatings after a big rain event.
In the case of the hand-mixed on site coating (PASSYS 4), a sudden increase in RH under the
coating surface was detected whereas for the case of the industrialised coating (PASSYS 3)
no reaction was detected. According to the testing, the hand-mixted on site coating ab-
sorbed instantaneously high quantities of water whereas the industrialised one did not
absorb any. In addition, the RH under the hand-mixed coating remained high for days
and dried homogeneously. The variations of RH in the center of the blocks is small in a
short term period for the case of both coatings, however the average RH in the center of the
PASSYS 4 wall is higher that in the case of PASSYS 3. The difference between the RH at the
center of the two walls slightly increased after the rain event (Figure 2.11).
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Figure 2.11: The RH levels under the two different coatings and in the center of the wall [36].

The long term impact of the coatings was also assessed during the same study. The RH
humidity under the two coatings differed significantly as it can be seen in the upper graph
of Figure 2.12(a). For the case of the industrialised coating (PASSYS 4) several peaks that
even reached 100% RH had been detected under the coating especially during winter when
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the RH remained almost always at 100%. The latter had also an influence on the moisture
detected inside the material. During the first months (until November) moisture levels at
the center of the blocks for both walls had reached almost the same values, however dur-
ing the winter period the difference in RH between the two walls increases and rises to
around 20%. Furthermore, the moisture in the wall in long term conditions had also been
influenced by the indoor humidity especially for the period between March and July, when
the measurements at the center of the hempcrete follow the trend of indoor humidity (Fig-
ure 2.12).

Regarding the risk of mould growth both walls showed in general negligible risks (CFU/g
<10%). An exemption was detected at the surface under the hand-mixed coating were the
CFU/g value surpassed 10° due to the high levels of RH that remained for an extended
period [36].
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Figure 2.12: Relative humidity (a) and vapour pressure (b) at different depths in the wall; averaged values over
24 hours and at measurements at 3 different heights [36].

2.3.10. SUSTAINABILITY

Sustainable materials contribute to the creation of energy efficient constructions ensuring
that no compromises are made at the expense of the environment, the society or the users.
They account for environmentally friendly solutions, which have the capacity to create and
sustain high levels of indoor comfort with the lowest or if possible zero energy consumption
and fractional environmental or social implications. Nowadays, the level of sustainability
that characterizes a material is defined by various parameters. Some of these parameters
are the number of emissions that are created during the lifetime of the material and its
embodied energy, the level of intervention in the nature and the landscape, the circularity
re-usability and recyclability potential, the durability of the material, the type and use of
resources and its efficiency in reducing energy consumption and create comfortable indoor
environments.

Hempcrete is a bio-based carbon negative material (-0.15 kg CO,/kg) [37]. The higher en-
vironmental impact is displayed during the production of the binder. Its primary mate-
rial hemp absorbs significant amounts of CO, during its cultivation. According to studies,
hemp has been found to sequester 1.84 kg of CO» per kg of dry hemp through photosyn-
thesis during its growth. In addition, after its manufacture hempcrete continues to absorb




38 2. HEMPCRETE

CO; from the atmosphere via carbonisation. The total amount of sequestered CO, have
been estimated to compensate for the production of lime and even result to negative levels
of embodied carbon.

In addition hempcrete is a durable and long-life material. Carbonisation happens in the
operational phase of the material and results to the increase of its mechanical strength
over time. As a result, the need for any substitution of the material is extremely rare. The
recycling of hempcrete is possible, as it can be crushed and re-used in new hempcrete mix-
tures or insulation fillers , however such procedure is preferable to be avoided as it results
in a down-cycling of the material [38]. Casted hempcrete blocks on the other hand can be
re-used without any processing or additional treatment. Inter alia, due to its favourable hy-
grothermal properties, which were described in the relevant sections, hempcrete exhibits
high levels of energy efficiency and indoor comfort.

Hemp is a fast-growing annual plant that can reach 4m in height. It grows in various tem-
peratures and neutral to alkaline soils (pH = 6.5), it can be cultivated locally and thus trans-
portation related costs and CO, emissions can be avoided. [2],[39]. Hemp’s cultivation
requires no pesticides or fungicides or any significant nutrients; thus the soil is not bur-
dened with toxic and quality degrading substances [2]. Its deep roots break the soil in depth
and contribute to its health, which makes it suitable for rotational cultivation [39]. Its fast
growth and exceptional CO, sequestration, makes hemp more efficient in CO, absorption
than agro-foresting [40], [41].
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2.4. APPLICATIONS IN OTHER COUNTRIES

France

France has a great history of almost 30 years in Hempcrete constructions. The first hempcrete
applications in French buildings appeared in the middle 80s. Tests on the material have
been carried out since the 90s. Hempcrete related regulations already exists since 2012.

The Regles professionnelles d’exécution d’ouvrages en bétons et mortiers de chanvre are
four professional regulation documents that describe the expected performance require-
ments of hempcrete mortars and concretes as well as the key points of using hempcrete in
four types of applications (walls, coatings, roof insulation and floor insulation). The doc-
uments were developed by the French Association of Hempcrete (Association Construire
en chanvre) and have been accepted in 2012 by the French Product Prevention Commis-
sion (Commission prévention produits -C2P-) of the Quality Agency ( Agence qualité con-
struction -AQC-). According to the regulation, the professionals that are responsible for the
implementation of hempcrete in building constructions should be adequately trained and
experienced with validated skills ( validation des acquis de 'expérience -VAE-) [42],[43]. In
addition to these documents, the French Hempcrete Association has released [44]:

1. The Hemp Aggregate for construction label (Label Granulat Chanvre Bati-
ment) to guarantee the quality and the invariability of the hemp aggregate
characteristics. [45]

2. The Laboratory assessment and Classification report related to the fire re-
sistance of non- loadbearing hempcrete walls with wood frames.

3. A booklet with hempcrete construction details references (Carnets de Dé-
tails)
4. The verification of hempcrete environmental product declarations (EPDs :

FDES in French) which are released in the INIES database.

5. A list with verified hemp and lime suppliers.

6. A list with approved laboratories for hemp concrete an mortars validation
tests.

7. The informative booklet for hempcrete in France (Rapport sur la filiére

chanvre construction)

8. A list of architects, contractors, companies and professional trainers that
are verified parties of the hempcrete Association.

All the aforementioned, have contributed to the spread and establishment of hempcrete’s
use in France.
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The UK

A significant number of buildings already exist in the UK. The British Board of Agrément
(BBA) has approved hempcrete products. Currently there are not any agreed industry stan-
dards in the UK so suppliers and manufacturers have set their own hempcrete standards
[46], [2].

The USA

Hempcrete has not yet been standardised in the USA. There are not any hempcrete related
certifications attributed by the International Code Council (ICC) or the American Society
for Testing and Materials (ASTM) [46]. Thus, the realisation of permits for building con-
structions which incorporate hempcrete requires a case-by-case notice to the local building
authorities. Industrial Hemp in the United States had been legalized recently. The Agricul-
tural Act of 2018 has allowed the cultivation, processing and sale of hemp and facilitated
contractors who previously had to import hempcrete [47].

The qualities of hempcrete have been acknowledged and the ASTM sub-committee cur-
rently works on the development of hempcrete standards. In 2020, interest parties have
been invited to participate in the development of standards [48]. Since hempcrete is re-
garded as a non-load bearing material the committee has decided to focus on developing
performance standards rather than material specifications. According to the sub-committee
chair- , such an action facilitates the approval of hempcrete buildings and simultaneously
allows a higher level of freedom to manufacturers. Hempcrete of variable materials, differ-
ent binder consistencies and manufacturing methods will be accepted as long as the end
product meets the performance requirements [47].

Canada

Companies with expertise in hempcrete projects have operated in Canada for more than
ten years (e.g. Hempcrete Natural Building Ltg, DU CHANVRE).
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2.5. THE SITUATION IN THE NETHERLANDS
The possible restraints

Even though hempcrete has some proven qualities, its use in the Dutch building indus-
try remains limited. The number of Dutch constructions that integrate hempcrete barely
exceeds 50 [49]. Some public Dutch projects have incorporated hempcrete in their de-
sign. One recent example accounts for the building that houses the municipality Voorst,
which is currently under renovation. The building is planned to retain its concrete struc-
ture, however, its facade will be completely stripped and replaced by a new one made of
hempcrete. This project is the first in the Netherlands to apply hempcrete on such a scale
[50]. The Dutch Hempcrete association (Kalkhennepnederland) performs research on the
material. It includes a number of companies and individuals with knowledge and interest
in hempcrete projects. Interested parties can addressed the association for any hempcrete
related question [49].

According to studies [4], [51], there are several possible factors that may hinder the market
penetration of such a material. The factors may be related to the developers, the suppliers,
the government and the capabilities of the material. Some examples are presented below:

Developers
Hempcrete is a very convertible material. Its properties can differ significantly Research [52]
depending on the manufacturing conditions and the consistency of the mixture.

Time delay

Increased risks
There is lack of guidelines to define the requirements that hempcrete products Increased risks [52]
should meet in order to serve their role adequately.
No many buildings have been constructed so far. The interest parties cannot Increased risks [52]
witness the hempcrete performances in practice.
Conventional materials meet the expectations of the developers. The developers High performance [51]

don'’t feel the need to risk losing time on exploring a new material. substitute material

Biobased material are often regarded as expensive solutions. Increased costs [52]

Biobased material are often regarded as impermanent materials Maintenance costs [52]

Developers experience difficulties in finding certified suppliers of the material in Projects  delays,

a convenient distance. Travel costs

Tenders requirements Less gaining op- [52]
portunities

Type of contracts Strict  deadlines [52]

Absence of design
freedom

Table 2.5: Possible restraints related to the Developers.
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Suppliers

Hempcrete is a very convertible material. Its properties can differ significantly
depending on the manufacturing conditions and the consistency of the mixture.

Need of research

Time delay
Increased risks
There is lack of guidelines to define the requirements that hempcrete products Increased risks [52]
should meet in order to serve their role adequately.
Due to the psychoactive component THC that hemp contains, its cultivation is Restrictions in re-
subjected to each country’s regulation. sources
Table 2.6: Possible restraints related to the Suppliers.
Government
Regulations with strict requirements Increased risks [51]
Types of required studies in order for a hempcrete construction to be accepted Increased studies, [51]
by the local authorities. costs
Type of declarations required for hempcrete use Increased bureau- [51]
cracy
Lack of accreditation More beneficial [52]

substitute material

Table 2.7: Possible governmental restraints.

Material

Relatively low compressive strength

Application limitations

In-situ produced hempcrete require a significant amount of time for setting
and drying.

Project delay

Hempcrete needs to have a particular thickness to be thermally effective.

Net surface decrease

Table 2.8: Possible restraints related to the nature of the material.
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I N the following chapter each of the research sub-questions is addressed. The different
means used are also elaborated below. The findings of the interviews are assigned to the
sub-questions according to their relevance and are presented in the respective section each
time.

3.1. SUB-QUESTION 1: THE DEFINITION OF THE REQUIRED PROP-
ERTIES OF HEMPCRETE

3.1.1. RELATED FINDINGS AND CONCLUSIONS FROM THE INTERVIEWS

% The definition of the required properties of hempcrete for a safe and adequate appli-
cation

In terms of physical performances, the moisture buffering capacity of hempcrete is the
benefit that distinguishes it from other conventional building materials and as a result
should be taken into account in building simulations. This aspect should be sustained dur-
ing the design of the building and thus breathing constructions without vapour barriers are
suitable for hempcrete applications. Mortars with low porosity as concrete mortars should
be avoided, since they hinder the breathability of the walls and can lead to condensation
problems. Its relatively low thermal conductivity as well as the acoustic performances are
also beneficial for indoor comfort.

Hempcrete is not prone to biogenic degradation caused by microorganisms, insects or
pests due to the presence of the lime, so in comparison to other biobased materials with
other types of binders no additives are required for its protection. In addition, it is also
resistant to fire even without stucco cover. However, water accumulation can lead to the
failure of the material when it is not well designed. Accumulation of moisture can also lead
to the decrease of hempcrete performances with time. However, there is not yet a clear
scientific view regarding the exact effects that long-term moisture and water accumulation
has on the performances of the material.

Even though hempcrete is a very convertible material whose properties can differ depend-
ing on the composition of the mixture, studies have already been performed and the effects
of the different ingredients and their quantities have been explored with means of simula-
tions and experiments. Taking into account studies that already existed in 2009 regarding
hempcrete compositions with improved mechanical and physical properties, the univer-
sity of Reims investigated the impact on the indoor comfort on a building level. During the
last years, its research has been mainly focused on the enhancement of the environmental
benefits of hempcrete, with the creation of composites with lower environmental impact.
The results of existing studies were sufficient to lead to the definition of compositions ad-
equate for building components with different mechanical and thermal requirements (e.g.
wall, roof, floors) which are currently present in the French regulation. Aspects as the thick-
ness of the wall and type of mortar to avoid condensation, the required thermal and me-
chanical performances, the types of ingredients and their amounts of percentages are part
of such regulation. From 2020, the French hempcrete regulation includes also guidelines
related to the environmental requirements of the material.
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Regarding hand-made hempcrete, in which case the differences in the performances of the
product can be higher and more frequent, experiments on defining the standard deviation
of the end result are important. The prefabricated versions of hempcrete, as the case of
hempcrete blocks which is the form of hempcrete under scrutiny in the current study, are
gaining more space into the building industry as a more assured way to acquire an homo-
geneous product with precisely known properties. Risk are significantly decreased when
prefabricated blocks are used in building construction. Issues that may be related to ma-
terial with different local performances or hemp shivs that are not adequately covered by
lime (e.g. biodegradation risk or fire safety risks) are not present in prefabricated blocks
where the mixture of the components is monitored, protected and automatised.

Nevertheless, hemp is a natural product and thus it is not always easy to predict how it
will react in pressing during the fabrication of the blocks. This adds some complexity to
the production process and creates the need for a good quality control. ISOHemp’s quality
control includes four steps. The first step concerns the control of the mixture itself. The
second control step takes place just after the pressing of the blocks. The blocks that fail
to meet the requirements of that stage are crushed and re-introduced in the production
process. The third control step takes place after the first drying of the blocks and the last
one just before the blocks obtain their total strength.

Currently, hempcrete is mainly applied in houses and small scale residential buildings.
ISOHemp has been involved in individual houses [1], [2] and renovation projects [3] in the
Netherlands, while its bigger Dutch project so far was a four apartment building. Never-
theless, the hempcrete block company had some bigger projects in Belgium, such as multi-
housing projects [4] and renovation projects [5],[6]. For the case of new projects, hempcrete
blocks were mainly used for the construction of homogeneous facade walls whereas for
renovation projects they were used as partition walls or inner insulation layers of the fa-
cade. ISOHemp customers do not frequently choose hempcrete blocks for the construction
of separation walls in new buildings. According to the interviewee this is probably associ-
ated with the willingness of customers to invest more for the construction of the facade and
less for the construction of interior walls.

However, besides its benefits, hempcrete is also characterised by some limitations. It has
relatively low mechanical strength and hence it cannot be used as a load bearing material.
A structural frame is always required, which in most of the cases is preferred to be made of
timber in order to increase its environmental and social impact. It has a low thermal inertia,
which can lead to over heating in the summer depending on the location of the building.
As aresult studies should be made beforehand, since solar shading may be needed in some
cases.

3.1.2. THE STANDARDISATION METHOD FOR HEMPCRETE’S PRODUCTION

As can be summarised by the literature review and the interviews, hempcrete is a very con-
vertible material with properties that can alter significantly depending on numerous pa-
rameters as: its form, binder type, additives, level of compaction, shive/binder ratio, wa-
ter/binder ratio, casting conditions etc. Manufacturers can modify the composition of the
mixture and the production procedure to acquire suitable properties for the end product’s
required performances. The latter may allow the optimisation of the product and thus en-
ables various application options, nevertheless it simultaneously increases the complexity
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and confusion around its standardisation.

As different mixture compositions result in the enhancement of some specific properties
to the detriment of others, a standardisation focused only on the material itself and the
mixture specifications can be proven inappropriate for such a material as hempcrete. Pre-
defining mixture recipes may lead to pre-established known performances, however those
performances can cover adequately the requirements of only some limited applications.
This is not an optimum solution and thus another approach needs to be followed.

Taken the aforementioned into consideration, it can be stated that for the case of hemp-
crete, a standardisation focused on the definition of performances according each time to
the intended use is a more suitable approach. This kind of standardisation allows freedom
to the producers and a case by case optimisation of the product according to the design
ambitions, while it demonstrates which are the essential properties to be defined and their
minimum acceptable operational values. A such performance based standardisation ne-
cessitates a clear definition of the intended use and the associated performance targets.

Nevertheless, existing literature provides information on the relation between the mixture
composition and the performances of the produced hempcrete. In addition, factors that
may decrease some of the targeted qualities of the material have also been in their vast
majority identified. The incorporation of this knowledge in the standards can decrease
frustration and help producers to avoid unnecessary research and costs. This can be done
by including indications and guidelines regarding the ingredients and the ranges of their
proportions that could lead to the intended performance.

3.1.3. THE APPLICATION AND THE INTENDED PERFORMANCES

Since no official EU performance specifications related to hempcrete have been issued yet,
the assessment of the material’s performances for building applications in the Netherlands
relies on the personal knowledge and experience of the involved engineers and the build-
ing performance requirements set by the national building codes (Table A.1 Annexes). In
the current section of the study, a logical strategy to accumulate and assess the application
requirements will be developed. The strategy will aim to ensure that the expected designed
performances will be accurately approximated in practice.

In the current case study, hempcrete blocks are used at wall systems on the facade and the
partitioning of the internal spaces. Hence, it should be proven that the selected hempcrete
products can be incorporated and result to an integral wall system that can serve the re-
quired performances. The first step of this procedure is to understand the purposes that
each of the two different wall systems should serve. An overview of those purposes can be
seen in Table 3.1.

The suitability of the material to serve the purposes for each intended application is mea-
sured by assessing the values of the parameters that characterise each purpose. Those
parameters can be collected from the harmonised standards and DoPs of already stan-
dardised materials with the same intended use and purposes. Thus, it is logical to select
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some representative and commonly used product alternatives and investigate the param-
eters that are examined and included in their DoPs. The directness of this approach can
however lead to unintended omittances and thus it is important to generalise a bit more.
Consequently, apart from the DoPs of specific products that were taken into considera-
tion later, some relatable harmonised standards were firstly studied. The general reference
standard that was taken into consideration for this purpose is Eurocode 6, which accounts
for the design of masonry walls. An overview table regarding the standards that have been
selected as references and the relatable characteristics to the hempcrete blocks which were
used as the selection factor can be seen in Table 3.2.

Intended use Purpose

Non load bearing
Thermal Insulation
Fire resistance
Fire reaction
Acoustic Insulation
External facade Supporting of wall decoration/appliances
Air-tightness
Water tightness
Resistance to insects and pests
Resistance to micro-organisms
Durability in temperature alterations

Durability in high humidity conditions

Non load bearing
Thermal mass
Fire resistance
Fire reaction
Internal partitioning Acoustic Insulation
Acoustic Absorbance
Supporting decoration/appliances
Durability in high humidity conditions

Resistance to micro-organisms

Table 3.1: Purposes of each wall system according to the Intended use.
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Harmonised Standard Common characteristic with the hempcrete blocks

NEN-EN-1-1:2006+A1:2013 Eurocode 6 - Masonry Masonry wall

NEN-EN 12859 Gypsum blocks - Definitions, Require- = Indoor, unprotected, non-load bearing block made of fire
ments and Test Methods safe material

NEN-EN 771-4+A1 Specification for masonry units -  Porous masonry
Part 4: Autoclaved aerated concrete masonry units

NEN-EN 771-2+A1 Specification for masonry units - Lime as binder
Part 2: Calcium silicate masonry units

EAD 040005-00-1201 Factory-made thermal and/or Biobased prefabricated products for thermal and acoustic
acoustic insulation products made of vegetable or an-  insulative applications
imal fibres

Table 3.2: Selected standards for referencing and the respective relatable to hempcrete blocks characteristics.

3.1.4. THE PROPERTIES AND THE RELATED PARAMETERS

In order to acquire a more comprehensive view of the properties and parameters that should
be tested for a safe application of hempcrete, actual DoPs and certifications of building
products were additionally checked. As already stated, hempcrete is not yet standardised
and for this reason no DoP was available for the hempcrete blocks. However, the blocks
have already acquired an ATG certification, where essential properties of the product have
been tested and declared. Thus, exploring the properties that the certification body de-
cided to include was considered important for this study. In addition, as it is described in
detail in the following sections of the report, lightweight autoclaved aerated concretes dis-
play similar performances with hempcrete and thus can be used in the same applications.
For this reason the properties that have been declared in the DoP of an autoclaved aerated
concrete product had also been explored. According to the information collected by all the
aforementioned documents the essential for hempcrete properties were defined (Table 3.3
and Table 3.4).
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Intended use require- Performance Related Parameter Related Charac- Reference Standard **
ment teristic
Wall Integrity Geometry Dimensions Biobased Insula- EAD 040005-00-1201
tion
Wall Integrity Geometry Tolerences Biobased Insula- EAD 040005-00-1201
tion
Wall Integrity Geometry Plane parallelism of Biobased Insula- EAD 040005-00-1201
bed faces tion
Wall Integrity Geometry Flatness after one Biobased Insula- EAD 040005-00-1201
sided wetting tion
Wall Integrity Dimensional Percentage of dimen- Biobased Insula- EAD 040005-00-1201
stability sional changes under tion
specified temperature
and humidity (Aeg
Aep, Aeg)
Wall Integrity Deformation Percentage of di- Biobased Insula- EAD 040005-00-1201
mensional change tion
in thickness under
specified compressive
load and temperature
conditions (Aey)
Wall Integrity Compressive Om Biobased Insula- EAD 040005-00-1201
strength tion
Wall Integrity Tensile o(mt) Biobased Insula- EAD 040005-00-1201
strength  per- tion
pendicular to
faces
Wall Integrity Bending o(mb) Biobased Insula- EAD 040005-00-1201
tion
Wall Integrity Behavior un- Pointload at5 mmde- Biobased Insula- EAD 040005-00-1201
der point load formation tion
Wall Integrity Mortar Bond and  Shear WallBlock NEN 1052
strength
Wall Integrity Hanging de- Axial and Transversal Wall Block ETAG 001
vices resistance of anchored

devices

** Some requirements were present in multiple standards, however due to the biobased nature of the material EAD was mentioned in
this table as the most characteristic standard.

Table 3.3: General properties for walls made of blocks.




54

3. THE RESEARCH
Intended use re- Performance Related Parameter Related Charac- Reference Standard **
quirement teristic
Acoustics Specific ~ Air- Rg Biobased Insula- EAD 040005-00-1201
flow Resistivity tion
Acoustics Weighted A Biobased Insula- EAD 040005-00-1201
sound Absorp- tion
tion coefficient
Acoustics Direct air- Ry Biobased Insula- EAD 040005-00-1201
borne sound tion
insulation
Biological  resis- Evaluation of Visual exami- Biobased Insula- EAD 040005-00-1201
tance action of mi- nation (growth  tion
croorganisms percentage)
(fungi, bacte-
ria) Changes in mass
(Average percent-
age change)
Changes in other
physical proper-
ties (Average per-
centage change)
Durability in moist  Moisture Drying shrinkage Biobased Insula- EAD 040005-00-1201
environments movement coefficient tion
Moisture expan-
sion coefficient
Total movement
coefficient
Fire Safety Fire reaction Fire reaction class Biobased Insula- EAD 040005-00-1201
tion
Fire Safety Fire resistance  Fire resistance class Wall system that NEN-EN 12859
can be used for
compartmenta-
tion
Hygrothermal Sorption/ des-  Sorption Curve at  Porous material NEN-EN 771-4+A1
Properties orption 23°C
Desorption Curve
at23°C
Relative Humidity
and Moisture con-
tent(mass/mass,
mass/volume, vol-
ume/volume) at
23 °C and 50% RH
(RH in residences)
Thermal Proper- Thermal Con- A4,(23,50),90/90 Biobased Insula- EAD 040005-00-1201
ties ductivity tion

Water Vapour Per-
meability

Water Absorption

Water Vapour
diffusion resis-
tance

Water Absorp-
tion coefficient

W

Biobased Insula-
tion

Biobased Insula-
tion

EAD 040005-00-1201

EAD 040005-00-1201

** Some requirements were present in multiple standards, however due to the biobased nature of the material EAD was mentioned in
this table as the most characteristic standard.

Table 3.4: Required properties for the intended use of the hempcrete blocks.
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3.2. SUB-QUESTION 2: THE CURRENT RESTRAINTS

3.2.1. RELATED FINDINGS AND CONCLUSIONS FROM THE INTERVIEWS

+ The mapping of the current difficulties and issues that can be faced in the Nether-
lands when hempcrete is used in the construction of residences.

Hempcrete is not yet standardised in Europe. The lack of such standardisation hinders
the creation of an ETA which can be used as a reference for the composition of DoPs for
hempcrete products and the acquisition of a CE trading mark. In order to cope with that
absence of standards, the biggest producer of hempcrete blocks currently in Europe has
used an ATG certification as an alternative. This type of certification takes into account
current European standards according to the characteristics of hempcrete and defines its
essential properties by making use of European standardised test methods. It is a step to-
wards the standardisation of the material as it is based on the directions that an ETA for
hempcrete products is expected to include once it is completed. However, the CE mark can
be acquired only if an ETA exists. The latter creates some frustration to customers, which
after some discussion can be overcome. In general, this absence of CE has not been a rea-
son for ISOHemp blocks to not be accepted from contractors or customers for the scale
of projects - individual houses and mainly apartment buildings - that the company works
on. Besides, a CE mark is obligatory only if a relevant to the product norms exist. Nev-
ertheless, such a lack is expected to be an issue if hempcrete blocks are considered to be
applied in bigger projects such as industrialised or governmental buildings. For this rea-
son, actions are taken within the industry to accelerate the process of acquiring standards
for hempcrete.

This absence of standardisation restraints the propagation of hempcrete’s use in the Nether-
lands only to an extent. Other actions are also required for a real incorporation of the ma-
terial into the Dutch building market. Regulation may alleviate some risks, nevertheless
the biased idea that biobased materials always lack of performances in terms of degrada-
tion and fire safety is currently a barrier. Indeed this is the case for hempcrete which is
not sensitive to fire nor to degradation from biogenic factors as microorganisms, insects
and pests due to the presence of lime but is regarded as so according to the interviewees.
In addition, a current lack of environmental consciousness is also an important barrier, as
better environmental performances sometimes fail to adequately compensate for any ad-
ditional costs related to biobased materials. Providing knowledge and stimulation for their
use by the development of an environmental regulation, which can reveal the difficulties
of industrialised materials to cope with environmental requirements is a step towards the
elimination of these barriers and the increase of hempcrete’s use. This is indeed the case
in France, where hempcrete is not yet systematically used in building constructions, even
though relevant regulation already exists from 2012. However, the incorporation of the en-
vironmental performances of the material in the newest version of the regulation issued in
2020, is expected to encourage its use. In the Netherlands, environmental requirements al-
ready exist in the building Decree, however the presence of biobased materials is the NMD
(National milieu database) is still limited. Regarding hempcrete blocks, at least one pro-
ducer will be introduced in the database soon. That will enable the to include hempcrete
blocks in the sustainability certifications of buildings as BREEAM.
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Besides, according to the interviewees the existing literature and research provide already
information about the characteristics of the material, its properties and the way accord-
ing to which it should be applied in buildings. These studies can be used as references to
cover the lack of standardisation. Furthermore, buildings outside the Netherlands which
are made of hempcrete, already exist for some decades and indicate that hempcrete is a
reliable material. Nevertheless, even though hempcrete has been applied in neighbouring
countries of the Netherlands, which are characterised by similar climates, some differences
with the Dutch climate still exist. In addition, there is still some research to be done on how
water and moisture accumulation inside the material affects its long term performances.
Although the existence of hempcrete buildings that have been constructed decades ago
gives an insight on how the material performs in long terms, still there is not a complete
scientific point of view regarding this aspect.

Hempcrete is more expensive than conventional building materials. The latter can influ-
ence significantly the choice of selecting it for building applications. The current lack of
suppliers has an impact on the price of the product, which can be further increased due
to additional transportation costs. The production of hemp in amounts able to cover the
building industry demand is also essential in order to improve hempcrete’s affordability
and avoid risks related to possible delays of projects. According to literature, the Nether-
lands has a relatively modest scale of hemp production which accounts for 10% of the total
production in the European Union and makes it the second country in Europe after France
which in 2019 produced 70% of the total EU production [7]. Nevertheless, hemp is benefi-
cial for other applications besides construction, thus only a proportion of that 10% can be
used for hempcrete. In more detail, 1,877 ha of planted hemp were tracked in the Nether-
lands in 2019, of which 69% existed in Groningen and 19% in Drenthe [8]. As it can be
easily understood by these numbers, the vast majority of hemp production takes place al-
most exclusively in the northeastern part of the country. This accumulation of hempcrete’s
raw material production doesn'’t only affects the costs but also the environmental impact
of the material.

Hemp producers in the Netherlands are hesitant to increase the current hemp cultivation
without a proven demand by the industry. Contractors on the other hand are hesitant to
construct with hempcrete due to the absence of a constant flow supply. The latter vicious
cycle could be solved if hempcrete could be supplied from producers from other countries,
since motivation could be given to both the aforementioned parties. The current Dutch
regulation however restricts the supply of building materials from other countries in the
Netherlands. Building products are required to be tested according to the Dutch standards
(NEN standards) in order to be admitted in the National Environmental Database (NMD)
and be allowed to be used in big building projects, even though the products are already
tested according to European standards. Additional testing costs and delays can demoti-
vate producers to import the product in the Netherlands. Alternative methods of testing
the material are allowed by the regulation if a contractor wants to use a material that is not
tested according to the Dutch standards. However, these alternative testing methods can
differ per case and may not guarantee the acquisition of a building permit.

However during the interview, the ambition to increase its distributors in the Netherlands
has been expressed by ISOHemp. The current distributors of ISOHemp blocks in the Nether-
lands are mainly sellers specialised in ecological building materials, however increasing
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the availability of the blocks in traditional building material shops is currently a goal. As a
means to achieve this goal, a collaboration between ISOHemp and BIA Beton [9], a Dutch
concrete block production company with distributors around the Netherlands has started.
To cope with the demand, ISOHemp opened in September 2021 its new factory (currently
the biggest in Europe) and increased the hempcrete block production from one to five mil-
lion per year.

During the past years, the environmental consciousness in the building industry has seen
a rise and as a result the demand in biobased materials has been increased. However, the
biobased construction in the Netherlands only account for a relatively small percentage
(2%-5%). From this projects only a small percentage accounts for hempcrete constructions,
which mainly refers to individual houses. According to an interviewee, the Netherlands still
lacks behind in this aspect in comparison to the its neighbouring countries. Among others,
the latter is also connected to the historical development of construction in the Nether-
lands. The high presence of clay in the rivers led to masonry driven construction methods
which jostled biobased materials from the traditional architecture and construction mind-
set.

An advance order is frequently required for biobased materials in order to avoid projects’
delays. The required time needed between the place of the order and the acquisition of the
material can vary. ISOHemp has prepared stocks to make delivery within one week possi-
ble and in general the amount of the stocks is sufficient to cope with the current demand.
Nevertheless, the production progress of hempcrete blocks takes 12 weeks in total, due to
the time needed for the blocks to acquire their final strength, as a result it takes 14 weeks to
prepare an order for a project in case of a stock shortage.

Contractors are hesitant to work with materials that they do not know sometimes even
when the client insist on them, as a result the absence of trained hempcrete contractors can
be a barrier to the propagation of hempcrete’s use in the Netherlands. In addition, the ab-
sence of standardisation and CE marking is sometimes used as an argument to avoid work-
ing with an unfamiliar material. Studies performed in France showed that when hempcrete
is applied externally some frustration about the correct way of application can arise to the
constructors. This frustration may lead to the the creation of sensitive parts on the facade,
which can be prone to rain infiltration. The current French hempcrete regulation which
includes not only performance requirements but also acceptable composition mixtures,
decreases the risks however following training lessons for how to apply hempcrete and get-
ting a validation of participation is also requested with the aim to avoid such effects of
inadequate application. Using hempcrete in the form of blocks can nevertheless decrease
some risks. A certification of a prefabricated product can more easily be obtained. In addi-
tion, contractors are already familiarised with the process of constructing masonry walls.
As a result, learning how to work with hempcrete blocks is not a demanding procedure.
According to ISOHemp producers, it takes a half day lesson to provide information on the
contractors on how to use hempcrete blocks adequately. According to another interviewee,
positive reactions from contractors arose when the benefits of hempcrete are properly ex-
plained.

In order to sufficiently map the current barriers for hempcrete’s use in the Netherlands, it is
important to include the experience gained by the the renovation of the municipality build-
ing in Voorst, which is currently the largest hempcrete project in the Netherlands. For this
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project, handmade hempcrete was used for the construction of the facade. Hempcrete’s
high sustainability score was the reason behind architects’ decision to use it on the build-
ing’s facade. Its moisture buffering capacity was also considered as a plus but due to the
use of the building (office building), it was concluded that it could not have an important
impact on the indoor environment eventually. In more detail, the Dutch building regula-
tions sets high ventilation requirements for office buildings and as a result indoor air tem-
perature and RH are not expected to be influenced by the slow hygrothermal procedures
of hempcrete. For the aforementioned reason, the dynamic hygrothermal performances
of hempcrete were not included in the study. The building physics studies were based on
the existing literature and the experience of the building physics engineer. During those
studies, no particular difficulties related to the use of hempcrete were encountered and
existing literature was sufficient to provide information. No simulations regarding the ma-
terial and the indoor environment were required. The additional requirements related to
hempcrete which were imposed by the local authorities were limited to the construction of
a mock up, which could provide information on the properties, its correct casting process
and the image of the hand made hempcrete which would constitute the facade. Part of the
mock up was transported to the lab where measurements of its thermal performance on
two different conditions, namely in completely dried state and laboratory conditions were
taken. The laboratory conditions results were used for the calculation of the thermal per-
formances of the facade. The material related issues were limited to some shrinking on the
facade handmade hempcrete.

The client (namely the municipality), has played a crucial role for the selection of the ma-
terial in this case. It prescribed high requirements for sustainability and was willing to
financially invest more for their achievement. In addition, this ambition towards a high
sustainability score was enough for the client in order to compensate for the fact that the
material had not yet been used in such scale in the Netherlands. In more detail, the con-
cept of hempcrete design is so new in the Netherlands that the material is not really consid-
ered or proposed as an option for the construction of walls and only the possibility of us-
ing hemp-lime plaster as a finish of the walls can however sometimes arise in discussions.
For the building physics project leader, it was the first time to participate in a hempcrete
project. However, environmental consciousness gradually increases in the Dutch market
and clients think about biobased options.

It can be concluded from the aforementioned that the issues or additional requirements
that appeared during the project were associated with the hand-made form of the material.
The properties of prefabricated blocks are defined and monitored during production so no
additional research for mock-ups is needed. In addition, the mechanical projection allows
to produce an homogenised material with expected performances. For the aforementioned
reasons, prefabricated forms of hempcrete gain space into the industry.

The fact that the Dutch regulation does not take into account the hygrothermal properties
of the materials but only focuses on the definition of the thermal resistance of the facade
(Rc) is not optimum as it fails to adequately reveal one of the greatest benefits of hempcrete
and other biobased materials. Four out of five interviewees mentioned the absence of this
aspect from current regulations and commented on the benefit that such implementation
could have to the promotion of hempcrete’s use. The current regulation for the determina-
tion of the energy and thermal performances of building in the Netherlands is only based
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on static calculation methods. It does not take into account aspects as the moisture buffer-
ing capacity and the specific heat capacity of the material which can however have an in-
fluence on the results. If thermal mass is taken into account in calculations buildings with
thinner walls (than those defined by the Bouwbesluit according to the static calculation of
thermal resistance) are able to meet the energy requirements of the BENG regulation in
case of materials as hempcrete that incorporate such aspects. The latter can be beneficial
in terms of environmental and financial costs.

Currently there is a high lobby towards the assessment of the environmental performances
of industrialised materials as concrete and steel as a means to sustain their dominance into
the market. Studies on circularity and re-use potential of these materials reveal gradually
new knowledge which reinforces their position into the Dutch building industry. However,
the same lobby does not apply to biobased materials such as hempcrete, which only ac-
count for a small proportion of the market, even though by nature biobased options can be
more beneficial for the environment due to their capabilities of greenhouse gas absorption
and environmentally safe end-life deposition. The new knowledge on the environmental
performances of dominant industrialised materials allows the implementation of various
industrialised products with lower environmental footprints (MKI -Milieu Kosten indica-
tor) in the Dutch environmental database (Nationale Milieu Database). On the other hand,
the biobased options in NMD remain limited while their environmental performances are
not yet in depth explored to reveal their true potential. Nevertheless, the University of
Wageningen currently works on the preparation of category 1 product cards for the Na-
tional Environmental Database (NMD) for a whole range of biobased building materials,
which will also appropriately include biogenic carbon storage and end-of-life scenarios.
The project is planned to finish until the end of the summer of 2023 [10].

According to ISOHemp, clients’ first questions on the hempcrete blocks focus on fire and
water degradation risks. The price of the material is also an aspect that is frequently dis-
cussed as clients tend to think that biobased materials are expensive. Information on the
thermal insulation value is also requested afterwards. Contractors find it difficult to make
this transition from conventional to biobased material since they generally lack of knowl-
edge on how to use biobased materials. As a result it is important for them to understand
which is the optimum place for ISOHemp blocks and which of the conventional building
materials can be effectively replaced by the blocks.
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3.3. SUB-QUESTION 3: THE PERFORMANCES ASSESSMENT

3.3.1. RELATED FINDINGS AND CONCLUSIONS FROM THE INTERVIEWS

% The assessment of the performances of hempcrete in comparison to conventional de-
sign options in the aspects of indoor comfort, energy efficiency and sustainability in
residences in the Netherlands.

Compared to regular building materials hempcrete has a low thermal conductivity that can
vary from 0.065 to 0.14 W/(mK)depending on the composition of the mixture. Due to its
porosity, it exhibits some interesting hygrothermal properties which make it an effective
moisture buffering material capable of regulating indoor moisture and relative humidity,
which is not the case for the majority of conventional materials. This aspect can enhance
indoor comfort and limit energy consumption in buildings. Especially when hempcrete
application is coupled with sensitive relative humidity ventilation the energy consumption
of the building can be decreased even more. However, covering the thermal requirements
of modern regulations may result to thick walls, which can decrease the net surface of the
building. In order to decrease the required wall thickness additional insulation means may
be needed. The scientific society currently aims to define such means.

Although hempcrete has a good thermal insulation capability, its thermal conductivity value
is still higher than these of lightweight insulation products. In addition, as it has been al-
ready mentioned it can not be used for load bearing applications as other kinds of ma-
sonry materials. Improving these aspects can be quite beneficial for the promotion of
hempcrete’s use. As a result, increasing the mechanical and thermal insulating perfor-
mances of the material were the main ambitions that led to the definition of mixtures used
for the production of ISOHemp blocks. Currently the company’s R&D team focuses on the
development of loadbearing blocks and blocks with a A value less than 0.065 W/(mK). To
achieve such mixtures, the influence of higher amounts of lime and alternative fibres (e.g.
flax fibres) is explored.

In addition, hempcrete has a significantly lower environmental impact in comparison to
other conventional building materials. If the cultivation of hemp is done locally, extra ben-
efits can arise, as the costs and environmental footprint related to transportation can be
decreased and new occupational opportunities can be created. Regarding the mixture,
the type and amount of binder can influence remarkably the environmental impact of
hempcrete blocks. More sustainable mixture solutions do not include cement and only
make use of lime, which has the ability to sequester CO, via carbonisation. Decreasing the
amount of lime leads also to the decrease of this sequestration capacity. Thus, ISOHemp
focused in other means to further lower the environmental impact of the material. Such
means was the limitation of hydraulic lime into the mixture by replacing a proportion by
hydrated lime, which is a more environmental friendly option. However, hydrated lime has
lower strengths than hydraulic lime, so only a fraction of the later can be replaced. As an
additional means, ISOHemp introduced the possibility to produce blocks by making use
only of rainwater in its new factory. Wastewater from the production process is cleaned
and used again. Furthermore, blocks that do not meet the requirements during the quality
control are crashed and the material is reintroduced in the production process.
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According to an interviewee, it is important to also consider the social and environmental
benefits of hempcrete that are not part of any current regulation. Hempcrete also has ad-
vantages in terms of biodiversity and soil regulation. It has the ability to regenerate soils
that have been heavily burdened by pesticides within 3 years. It does not require high
amounts of water and does not need pesticides to grow, which account for the two most
important current environmental challenges.

3.3.2. IMPORTANT FEATURES OF HEMPCRETE

According to the literature and the interview findings hempcrete’s leading qualities are its
moisture regulative capacity and its remarkably low environmental impact. These qualities
should be enhanced or at least sustained when it is used in building applications. Litera-
ture and existing buildings with hempcrete walls in neighboring countries of the Nether-
lands indicate that hempcrete is a reliable material, beneficial for the indoor comfort and
the energy efficiency of the buildings and thus create motivation for the increase of its use
in the Netherlands. Nevertheless, there are still some differences between the Dutch cli-
mate and that of the neighboring countries, so it is important to assess the performances
of hempcrete in the Dutch climate conditions.

The biggest current restraints for hempcrete are the current regulation, the negative idea
about biobased materials’ durability and reliance regarding the aspects of fire safety, bio-
genic degradation and water/moisture accumulation and the increased initial costs. The
current study will provide information and assess the barriers related to the material itself,
so namely those of hempcrete’s reliance, durability and costs.

The literature review, the interviews and the product certification of hempcrete blocks
show that hempcrete is a fire safe material that can reach the reaction class B -si,d0 ac-
cording to EN 13823.

3.3.3. THE SELECTION OF THE SUBSTITUTE MATERIAL

An efficient way to quantify the level of advantageousness or the deficiencies of a prod-
uct is to compare its performances to those of a substitute one. The selection of a suitable
substitute product is a complex procedure that requires consideration since an arbitrary
selection may result to an unfair comparison and mistakenly drawn conclusions. In order
to be comparable with each other the materials must exhibit similar characteristics, have
defined boundaries and be compared according to the same factors .

One of the system boundaries was the place of application. Construction materials that
have been taken into consideration for the selection are materials that are currently used
in building applications in the Netherlands. For this purpose, frequent external wall detail-
ing sections had been collected. An overview of those can be seen in Figure 3.1. Another
important factor for the selection was to include materials that display some similar to
hempcrete characteristics. Thus, it was decided to consider only materials that constitute
masonry constructions, namely those that can be produced in the form of bricks or blocks.
Then, the main design targets had been addressed, and some key aspects in which the sub-
stitute materials should be able to perform well were defined. Eventually the required key
aspects have been determined to be:
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Figure 3.1: Common wall constructions in the Netherlands [11].
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1. Sufficient Thermal Mass
2. High Acoustic Performances
3. Moisture regulation

4. Sustainability

5. Limited costs

After assessing the aforementioned aspects on the available construction materials the op-
tions for an appropriate selection were narrowed down to three materials and two design-
ing options:

* Option 1: Autoclaved Aerated Concrete (Cellenbeton in Dutch)

* Option 2: Calcium Silicate Bricks (a.k.a. Sand lime bricks - Kalkzandsteen in Dutch)

The properties of low density autoclaved aerated concrete (AAC) blocks approximate re-
markably those of hemp-crete. AAC blocks are known for their moisture regulative proper-
ties, good acoustical performances and high fire resistance. Low density AAC (400 kg/m3)
have a compressive strength comparable to that of hempcrete, and thus just as hempcrete,
are considered as a non load bearing infilling material. In addition, AAC blocks with the
aforementioned densities display thermal conductivities commensurate to those of hempcrete.
According to the aforementioned, hempcrete blocks can be considered as an equivalent al-
ternative that can be used in the exact same applications as the already established AAC
blocks. The latter can allow a direct and fair comparison between the two different mate-
rials. However, even though AAC blocks are regularly used in constructions in the Nether-
lands, the frequency of their application is significantly lower compared to that of the sand
lime bricks.

When it comes to masonry constructions, sand lime bricks account for the most popular
option in the Netherlands. Sand lime bricks display high mechanical strength and cost effi-
ciency. They can be load-bearing and in this manner abolish the need of a structural frame.
The latter is often a desirable aspect of which hempcrete lacks. In addition, sand lime bricks
are fire resistant, acoustic insulating and moisture regulating. They can contribute to the
establishment of indoor comfort due to the thermal mass that characterises them. How-
ever, the high thermal conductivity values that they exhibit make them inappropriate for
thermal insulating applications. Thus, when sand lime bricks are used in exterior walls in
the Netherlands, a thermal insulation is always required.

At first glance, selecting a material as AAC that exhibits analogous performances, limita-
tions and application characteristics as hempcrete may seem as a more appropriate option
to make a fair comparison. Besides, hempcrete is regarded as an infilling option only in
non load-bearing applications. Hence, in cases where structural frames are preferred to be
avoided it is not competent to sand lime bricks. The conclusions on the performances of
hempcrete regarding important building aspects can be directly derived and understood
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when it is compared to AAC as they can be based in numerical results and will not be af-
fected by more complex parameters derived from any requirements related to great appli-
cation differences. Making such comparison is crucial to provide an insight on the advan-
tages and disadvantages of using the biobased and unstandardised hempcrete instead of its
equivalent industrialised and standardised alternative. However, the results of such study
can be related to only a small proportion of the building constructions in the Netherlands.
They cannot account for a great stimulus for the developers, as buildings made of sand lime
bricks seem to currently be the biggest competitor of hempcrete. Nevertheless, a compar-
ison of hempcrete constructions with sand lime cannot be as straight forward due to the
considerable application differences. The different thermal and mechanical properties of
the materials are expected to lead to constructions with advantages and disadvantages in
different aspects. As a result, in that case the comparison between the options and their
assessment will be considerably influenced by the case study requirements.

To conclude, both comparisons bring different features to the study. A hempcrete-AAC
comparison is not highly influenced by the application and case study related requirements
and provides more straight forward conclusions regarding hempcrete’s performances. On
the other hand, a hempcrete - Sand lime comparison, creates a stronger stimulus for the
developers but can be highly influenced by the case study and design requirements. As a
result, both comparisons will be part of the current graduation project.
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3.3.4. THE PROPERTIES OF THE SUBSTITUTE MATERIALS

Aerated Autoclaved concrete

Aerated concrete is a relatively homogeneous material which is classified as a lightweight
concrete. Depending on its density and strength can be a load bearing or non -load bear-
ing material. It has a district cellular structure, consisting of disconnected air voids and and
microscopic pores with entrapped air. Its properties are highly depended on its microstruc-
ture and composition. Aspects as the type of binder, the pore formation and curing can lead
to significant variations in it proprieties. Depending on the method of curing, aerated con-
crete can be either autoclaved or non-autoclaved. Aerated autoclaved concrete consists
of sand, cement, lime, fly-ash, gypsum, aluminium powder paste, water and an expansion
agent [12],[13]. Its density can vary from 250-1800 kg/ m?3 [14].The chemical response of the
aluminium paste creates the remarkable porosity of the material. The production of AAC
does not require any combustion and thus does not result to the pollution of air [14].

The decreased density and the fact that they do not contain any course aggregate results at
the reduction of self weigh and dead loads which can lead to the reduction of structural ele-
ments. Studies have shown that this decrease in weight can reduce the value of production
of structural materials up to 20% [15]. After production, the finished AAC product has an
air content of 70% - 80% and a volume of up to 5 times of the volume of the raw materials
used. That makes it a very resourceful efficient material [13],[15]. In addition, due to their
low weight AAC blocks can accelerate and facilitate the construction process since build-
ings with AAC blocks require less formwork and propping in construction. Regarding its
production, the use of fly ash reduces the need for cement intake and thus the green house
gas emissions [15].

As in the case of conventional concrete, the porosity and the pore size distribution influ-
ence highly the strength, permeability, diffusivity, creep and shrinkage of the AAC products.
Depending on the production method followed (foaming or gas method), the porosity of
the end product can vary a lot. Reducing the density by the formation of macropores de-
creases the compressive strength of the AAC (Table 3.5) For high densities (1200 kg/m?)
the compressive strength of autoclaved aerated concrete can even reach to 14 MPa [16].
In general, the compressive strength has been found to increase linearly with density [12].
Density has a great influence on the thermal conductivity of the material too. In addition,
asitis a porous material, the thermal conductivity of AAC is also highly dependent on water
content and the changes due to the ambient conditions [17]. The water vapor permeability
coefficient alters in relation to relative humidity. In more detail, studies have shown that
the water vapor permeability coefficient for high relative humidity can account for more
than five times the respective value in low relative humidity conditions [18]. Studies have
focused on predicting and modeling the thermal conductivity of AAC in relation to poros-
ity and moisture content (Figure 3.2). Some have proved that the thermal conductivity in
dry state conditions can be six times less compared to that measured in increased mois-
ture [18]. Ambient temperature can also influence the thermal conductivity of AAC, how-
ever this influence is quite lower compared to that of moisture content[18]. The material
is characterised by a high moisture buffering capacity and according to studies exhibits a
moisture buffering value (MBV) which approximates 1 g/ m2..%RH [19],[20].




66 3. THE RESEARCH

Dry density Compressive strength Static modulus of elasticity Thermal conductivity
(kg/m3) (MPa) (KN/mm?) (W/m°C)
400 1.3-2.8 0.18-1.17 0.07-0.11
500 2.0-4.4 1.24-1.84 0.08-0.13
600 2.8-6.3 1.76-2.64 0.11-0.17
700 3.9-8.5 2.42-3.58 0.13-0.21

Table 3.5: Properties of autoclaved aerated concretes [12].
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Figure 3.2: Thermal Conductivity of AAC in dry state (Left) and different moisture contents (Right) [17].

Drying shrinkage is an important aspect in aerated concretes. The high total porosity (40-
80%) and specific surface of their pores ( = 30 m?/g) results in significant dry shrinkage.
However, aerated concretes that incorporate lime, the drying shrinkage has been reported
to be lower that in aerated concretes produced only with cement. Autoclaving can also re-
duce shrinkage. Autoclaved products have been found to exhibit reduced shrinkage values
accounting for 25% or even 20% of those of the respective air-cured products[12]. Water ab-
sorption and capillarity are also important aspects for aerated concretes. In dry state, when
the pores are empty, water vapour diffusion is the dominant moisture transport mecha-
nism. On the contrary, in case of contact with water, capillary suction predominates [14].
According to material libraries of some widely used hygrothermal tools as Ubakus and Wufi
software, its water vapour resistance factor can take values around the range of 8-10.

The sound absorption coefficient of AAC is in general low, however it can be enhanced with
special treatment such as adding high alumina cement during manufacturing. The acous-
tical qualities of such porous materials as AAC can be affected by the air permeability and
open porosity of the product. The incidence absorption coefficient of commercial sam-
ples with different densities made of the three most common types of AAC in relation to
porosity and pores’ interconnection is depicted in Table 3.6. As the density of the material
increases, the coefficient of the air permeability decreases. The AACs with lowest densities
display higher transmittance of sound and higher porosity, characterised by pores with thin
walls and lower volumes of open pores [21].
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Type of AAC Gas cement concrete Gas cement concrete Foam cement concrete
with combine binder
Density (kg/m?’) 250 300 400 500 | 250 300 400 500 | 250 300 400 500
Total porosity (%)

91.5 894 859 823|911 893 857 821 | 915 894 859 823

Proportion of
interconnected pores (%) 303 318 33.7 360 | 353 380 405 415 | 26.1 275 29.7 31.8

Ratio of connected pores
volume to total pores 331 356 392 43.7 | 388 42.6 473 50.6| 285 30.8 346 386
volume (%)

Mean normal incidence
absorption coefficient 035 028 025 015|036 031 027 021|024 022 015 0.12

Table 3.6: Acoustic and porosity related properties of autoclaved aerated concretes [21].

Changes in temperature and moisture content of porous materials provoke length and vol-
ume alterations that cause failures such as cracking of finishes and spalling after the com-
pletion of repetitive climate cycles. That is indeed the case also for AAC. AAC can be sus-
ceptible to freeze thaw in high saturation degrees, since then the material becomes brittle
and cracks. For repetitive 50 repetitive cycles of 8 h freezing and thawing of 8 h at respec-
tively 15 °C and 20 °C, commercial AAC samples with different compressive strengths(1.8-4
MPa) and bulk density ( 350-500 kg m~3) showed different levels of degradation [18], [22].
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Figure 3.3: Degradation of AAC in 50 repetitive freeze thaw cycles [18]
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Sand lime bricks

Calcium silicate bricks or sand lime bricks consist of approximately 90% of silica sand, hy-
drated lime, crushed flint, colouring substances and water [23]. They are durable and re-
sistant to biological degradation and thus contribute to the creation of healthy internal en-
vironments. In addition, they reach high levels of compressive strength which makes them
ideal for load-bearing masonry. In the Netherlands, sand lime bricks are commonly used, a
typical application is the construction of the inner load bearing leaf of cavity walls in Dutch
buildings.

They exhibit high compressive strength, high acoustic insulation and good thermal perfor-
mances. They are fully recyclable and prevent the growth mold and micro-organisms due
to their strong alkaline reaction [24]. The compressive strength of standardised calcium
silicate bricks can reach 75MPa [25]. Modulus of elasticity values of around 6 GPa, have
been found in literature [26]. In comparison to other masonry products they have the least
content of radioactive elements [24]. The values of some important parameters of calcium
silicate bricks can be seen in relation to the density in Table 3.7. Sand lime bricks that can
be found in the market constitute walls with Rw values that can vary from 40 dB to 60 dB de-
pending on the wall thickness (67-300 mm) [27],[28]. Their acoustic absorption coefficient
a has been measured to be 0.03 for frequencies between 500 and 1000 Hz [27].

Studies in the Netherlands have shown that buildings made of sand lime bricks account
for remarkable lower MPG Values in comparison to buildings made with other structural
systems. In the same studies lower costs and construction hours have also been detected
Figure 3.4 [29].
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Figure 3.4: Costs, construction hours and MPG values, in apartments of different structural systems [29].
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Dry density conductivity  waveradiation®  rosistance factor | Heat capacity
o kg/m?3) A [W/(mK)] €[] g c [J/(kgxK)]
1200 0.56 0.9 5/10 1000
1400 0.70 0.9 5/10 1000
1600 0.79 0.9 15/25 1000
1800 0.99 0.9 15/25 1000
2000 1.10 0.9 15/25 1000
2200 1.30 0.9 15/25 1000

Table 3.7: Properties of Calcium Silicate Bricks [30].

3.3.5. MATERIAL PROPERTIES - AN OVERVIEW

Some characteristic properties of the materials under scrutiny as collected by the literature
review are presented in Table 3.8.

Property Hempcrete Autoc(lj;(i)zfgggrated Sand lime Bricks
General properties
Density (kg/rn3) 300-600 250-1800 500-2800
Porosity (%) 70% -85% 75% - 85% ~30%
Mechanical Properties
Compressive strength (MPa) <1MPa 1.5-14 MPa 5-75MPa
Modulus of elasticity (GPa) 0.07-0.16 GPa 0.18 - 3.58 GPa ~ 6 GPa
Hygrothermal Properties
Thermal conductivity Dry (W/mK) 0.07-0.11 0.07-0.21 0.56-1.3
Specific Heat Capacity (J/KgK) 1300 - 1600 850 - 1000 850 - 1000
Water Vapour Resistance Factor (-) 2-5 8-10 10-30
Moisture Buffer Value g/m?..%RH ~2.80 ~1 )
Acoustic Properties
Mean A?jg;gfg; gg)efﬁdem 0.27-0.85 0.12-0.35 ~0.03
Sound reduction index (rendered) ~ 40 dB ~ 40 dB ~ 50 dB
(20cm wall)

Table 3.8: Some characteristic properties of Hempcrete, Autoclaved Aerated Concrete and Sand lime bricks .
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4.1. THE RESEARCH INPUT AS DEFINED BY THE INTERVIEWS AND
THE LITERATURE

The results of the literature review and the interviews influenced the input of the research
and the assessment means according to the following.

Regarding biogenic degradation, the information collected by the existing literature and
the interviews indicates that the material is resistant due to the presence of lime. However,
hempcrete’s performances may decrease when it is inappropriately applied due to long-
term water or moisture accumulation. To provide information on this aspect, the long term
performances of hempcrete is assessed by simulation means in the most sensitive locations
of the case study. These locations can be seen in Figure 4.1. Location A (Detail D1) is re-
garded as sensitive due to its orientation (North East facade), its position (at the corner of a
bathroom) and its configuration (presence of window, infiltration of rain water at the con-
nections with the wall). Non permeable layers such as tiles, may hinder the breathability of
the hempcrete wall and as a result may increase the accumulation of moisture. The effect
of tiles is assessed in location B (Detail D2). Location C (Detail D3), is regarded as sensitive
to rain water infiltration due to its South West orientation, which coincides with the most
frequent direction of the wind in the Netherlands and the direct connection of hempcrete
with the pitched roof. After running the WUfi 2D simulations, the results for the degrada-
tion risks in the five sections depicted in Figures (4.2,4.3)) were assessed. The effect of the
driving rain was assessed in Detail D3 (Figure 4.4).

Regarding the costs, hempcrete is relatively expensive in comparison to conventional ma-
terials when only the initial costs are taken into consideration. However, it can provide
additional value to the building since it is able to increase the indoor comfort conditions
which can lead to additional revenue. In addition, the remarkably lower environmental im-
pact of hempcrete can also increase the value of the property in the sense that it provides
advantage to hempcrete in projects with high sustainability ambitions. To assess the addi-
tional value added to the residence, the levels of the established indoor comfort for the case
of hempcrete walls is be compared to those established by conventional wall materials. The
difference between the LCA of hempcrete design and those of conventional designs is cal-
culated to assess the level of advantageousness that hempcrete has in projects that require
high sustainable solutions.

Long term costs are also expected to be influenced by the application of hempcrete in the
case study due to alterations in the energy consumption of the building. A comparison
between the energy consumption of the hempcrete and the conventional design options
will give an insight on the differences of the long term costs.
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4.1.1. THE ASSESSED DETAILS

(a) Location of Sections A and B

(b) Location of Section C

Figure 4.1: Location of the sensitive sections of the case study which were modelled in WUFI 2D.
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Figure 4.4: The assessed detail 3

4.1.2. THE CHARACTERISTIC DETAILS OF THE DESIGNS

The characteristic building sections of the case study are depicted in the following section
for the options of the hempcrete, the sand lime and the aerated autoclaved concrete de-
signs. These sections were used for the required simulations, and thus the exact thickness
of the walls is defined in detail depending on their thermal performances after the analyses.

The detached house of the case study (Figure A.5) has been already made of AAC blocks and
therefore the structural walls and their thicknesses have been designed. The configuration
of the house and the type of the walls (load bearing/non-load bearing) remains the same
both for the hempcrete and the sand lime designs. A structural system made of timber is
designed for the hempcrete option and the required thickness of the sand-lime structural
walls is set the same as that of the AAC. The walls’ sequence for each of the design options
is depicted in the following figures; the rest features of the house remain the same for all
the design options.
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5.1. THE SIMULATION INPUT

5.1.1. THE PROPERTIES OF THE SIMULATED HEMPCRETE

S it can be summarized from the literature and the interviews, hempcrete properties
Acan differ significantly depending on the composition of the mixture and the way of
fabrication. Different factors have been assessed in studies in order to define their impact
on the final properties of the materials, however the level of compaction, the binder design,
the water content and the binder to hemp ratio were found to be decisive. As already stated,
crucial for hempcrete properties as the thermal conductivity, the mechanical strength and
the moisture buffering capacity are strongly related to the material’s density. An increase in
density may result to a desired increase in mechanical strength, however it also affects the
thermal conductivity and the moisture buffering capacity negatively.

The type of hempcrete selected to be simulated has properties able to provide enough me-
chanical strength to serve adequately for an infilling wall material and sufficient thermal
performances to provide thermal insulation. According to studies, hempcrete composi-
tions with densities in the range between 300-460 kg/m?® can be characterised by mechan-
ical and thermal properties suitable for infilling material in building applications [1], as
they can provide enough mechanical strength (> 0.2 MPa [2] - reference studies: [1], [3],
Cerezo,(2005) from [4]) and low thermal conductivity ([5],[3], Mawditt (2008) from [6]).

According to the aforementioned three different hempcrete options were constructed in

WUFI in order to perform a sensitivity analysis and acquire a wider image on how hempcrete
behaves in the Dutch environment. The density of the hempcrete options was between the

range indicated earlier (300-460 kg/m3: dry density). Apart from the density, three other

properties define the suitability of the hempcrete composition for the simulation. These

properties are: the specific heat capacity (Cp), the porosity (¢) and the thermal conductiv-

ity of the material (1). According to the available literature the aforementioned parameters

of mixtures with densities in between the selected range in majority exhibit values that be-

long to the following ranges:

* Cp:=1500-1600 J/kgK [6], [7],[8]
* €:71-85% [6],[9],[10], [7],[11]

°* A:0.7-0.12W/(mK) [4],[10], [7],[11]

In addition, different water absorption values were included in order to better approach an
adequate value that prevents the overloading of spruce with moisture from the outdoor or
indoor conditions but simultaneously facilitates its drying of spruce throughout the years.
After defining the target property ranges, the three hempcrete options were simulated ac-
cording to the following studies:

1. Bioclimatic envelopes made of lime and hemp concrete (Evrard De Herde, 2005 [7]),
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2. Measurement of the thermal properties of Biosourced building materials (Pierre et
al., 2013) [5]).

In addition, it was observed that the properties of the hempcrete option that WUFI database
offers were compatible with the target properties of the study so it was decided to be also
included in the sensitivity analysis. Hence the properties of the defined hempcrete options
for the hygrothermal simulations had the following values:

* Hempcrete 1 - (Evrard De Herde, 2009 [7]):

Po: 440 kg/m3

€o: 0.73 (-)

Cpo: 1560 J/kgK
Uo: 4.85 (-)

Ao: 0.115 W/ (mK)
wgo%: 33 kg/m3
wy: 546 kg/m?
Wmax: 730 kg/m3

A: 0.074 kg/m? /%

* Hempcrete 2 - Evrard, Arnaud Herde, André (2005) [12],[13],[14].
Po: 480 kg/m3

€0:0.71 ()

Cpo: 1550 J/kgK
Ho: 4.85 (-)

Aot 0.11 W/ (mK)
Wgoo: 36.5 kg/m3
wy: 595.6 kg/m>
Wax: 710 kg/m3

A: 0.170 kg/m? /5%
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* Hempcrete 3 - (Pierre et al., 2013) [5]
Po: 405 kg/m3

€0:0.83 (-)

Cpo: 1500 J/kgK (assumption: Based on value present often in literature )

Lo: 4.85 (-) (taken from literature for hempcrete with density 400 kg/m? [15].)
Aot 0.073 W/ (mK)

Wwgov: 18.8 kg/m3

wy: 503.1 kg/m®

Wiax: 830 kg/m3

A: 0.155 kg/m?/s%° (taken from literature).

° Hempcrete 4 - (Pierre et al., 2013) [5]
Po: 398 kg/m3

€0:0.78 (-)

Cpo: 1500 J/kgK (assumption: Based on value present often in literature )

Lo: 4.85 (-) (taken from literature for hempcrete with density 400 kg/m3 [15].)

Aot 0.094 W/(mK)

Wgoo: 21.9 kg/m3

wy: 495.3 kg/m>

Wiax: 780 kg/m3

A: 0.155 kg/m?/s* (taken from literature).
In all the aforementioned studies, there was information regarding the sorption curves of
the hempcrete samples. Information on the influence of the temperature and relative hu-
midity on the thermal conductivity was found for hempcrete options 2,3 and 4. This infor-

mation was also included in the simulation in order to have a close representation of the
reality.
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5.1.2. THE CLIMATE DATA

For the outdoor conditions, climate data from a measuring station in Schiphol were used.
Regarding the indoor conditions, several rooms of the detached house had been moni-
tored in the past. Thus, there was available information on the indoor relative humidity
and temperature of the bathroom and the adjacent rooms. An assumption that both the
simulated bathroom sections were adjacent to a bedroom was made, in order to derive re-
sults of a more generalised case, where the hempcrete wall separates the bathroom from a
room with moderate conditions.

In more detail, bathroom indoor conditions had been recorded every five minutes for the
period between 01/03/2019 - 19/08/2019. The available data were translated in hourly data.
For the case of the bathroom three different ways were examined to convert the tempera-
ture and relative humidity values recorded per five minutes to hourly ones. These were:

1. Exporting the average hourly values (Figure A.6- Figure A.9).
2. Exporting the first value recorded in every change of hour (Figure A.10- Figure A.13).

3. Exporting the highest hourly values (Figure A.14- Figure A.17).

Plotting the results of the three aforementioned ways of conversion in the same graph as
the actual values recorded per five minutes revealed that in the first two cases a significant
number of peaks especially in the case of temperature was excluded. In addition, in general
mold appears in conditions when RH levels stay higher than 80% for long periods. As a re-
sultincluding all RH peaks was considered a safer approach to evaluate the situation. Thus,
it was decided that the third way of conversion would be more suitable for the simulation,
even though it is more conservative, since it is based on the assumption that the maximum
hourly recorded values account for the whole timestep of the simulation (an hour).

For the case of the adjacent rooms, the indoor conditions were still recorded for the same
period, however, with a significantly lower frequency. There was not any standard time step
between consecutive recordings and thus there were also dates that only a few or not even
any measurements of the indoor conditions were available. Modelling hourly data to cope
with the missing data was required for the sake of the simulation. For the modelling two
sine formulas were created, for the daily and annual alterations of temperature respectively
by making use of the available measurements (Figure 5.2 [a,c]). The same method was
followed for the modelling of indoor humidity (Figure 5.2 [b,d]). Hence two formulas, (one
for temperature and one for humidity) with the following form were constructed:

y=A18in(B1x—Cy)+ Ay;sin(Baix—Cy;)+ D (5.1)

Where:
1: Yearly periodic cosine formula
2i: Daily periodic cosine formula, where i = day

For the long-term simulation (10 years period) due to the absence of yearly indoor con-
dition data, at first using the option of the available on Wufi sine curves was considered.
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However, with this option the sudden daily alterations in indoor conditions could no be
implemented in the model. Thus, new data needed to be modelled for the rest six months.
To do so the aforementioned method was used again by assuming that the daily indoor
conditions pattern would be the same as in the previous semester.
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5.2. THE ASSESSMENT OF DEGRADATION RISKS IN THE WALLS

Four different means are used to assess the risks of degradation in the walls for the hempcrete,
the sand lime and autoclaved aerated concrete design. The details where these means were
assessed are depicted in Section 4.1. These means are:

¢ The risk of surface condensation.
¢ The risk of interstitial condensation
* The risk of mold growth in spruce columns (Isopleths)

* The accumulation of water inside the walls of a driving rain facing facade for a long
term simulation.

The surface condensation risk is assessed according to the European standard NEN-EN-
ISO 13788:2013. The methodology which is followed is described in steps below:

1. Definition of the external mean temperature and relative humidity values for each
month of the year from the Schiphol climate data.

2. Definition of the internal mean temperature and relative humidity values of the bath-
room for each month of the year from the indoor data.

3. Definition of the external mean humidity for each month by the equation:
Pe = Pe x Psar(©e) (5.2)
Where:
° @, : external mean relative humidity of the month

* 0, : external mean temperature of the month

. psat(9_6) : saturation vapour pressure at H_e

With:
17.269x0
Psar(0) =610.5 x e 573+ , forf =0 C° 5.3)

21.875x0 )
Psat(@) =610.5 x e2655+0 , for <0 C (5.4)
4. Definition of the internal mean humidity for each month by the equation:

Pi=PpetAp (5.5)

Where: Ap can be given as a monthly mean value ¢; since the RH is known
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5. Definition of pg,;(65;) by the equation:
(5.6)

Pi__Pi

0.:) = =
Psat(0si) Osioris 0.8

6. Determination of the minimum acceptable surface temperature for the minimum

acceptable saturation vapour pressure.

237.3 x In 220D
= a0 for psar(@si) =610.5Pa (5.7)
265.5 x In Zsarl0si)
= a0 forpsa:(0s;) <610.5Pa (5.8)
7. Calculate for each month: o
Osi min—0
TRsi,min = —r = (5.9)
9[ - 99
8. Define maximum value of:
Jrsi,min = [fRsi,crit (5.10)
9. Calculate: o
6, —0
frsi= ——= (5.11)
91 - ee

if frsi > frsi,max,» Do risk of mold

March was found to be the critical month for the year under scrutiny with:

* frsi,min=0.507 for the case of the bathroom

* frsi,min=0.37 for the case of the bedroom

And according to the relevant standard for a static calculation:
* The temperature factor for this month is the fgs; max and the building element shall be

designed so that frsi max s always exceeded.
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Mon. 0. Pe 0; Qi Psat(@,) Psat(©;) Pe pi PsarOsi,min)  TRsi,min
1 4.16 0.86 16.36 0.43 822.0 1859.5 799.6 707.0 999.5 0.23
2 4.14 0.80 16.80 0.39 820.9 1912.2 745.8 656.7 932.2 0.14
3 6.20 0.81 18.64 0.54 947.7 2147.3 1159.6 767.6 1449.4 0.51
4 877 075 2031 049 1129.75 2382.2 1167.3 84731 1459.1 0.33
5 14.12 0.71 20.38 0.52 1610.2 2392.5 1244.1 1143.3 1555.1 -0.08
6 17.15 0.76 22.22 0.64 19955.1 2678.0 1714.1 1485.9 2142.44 0.29
7 18.23 0.73 23.43 0.64 2092.9 2881.7 1844.3 1527.8 2305.3 0.30
8 1850 0.75 2242 062 2128.6 2710.8 1680.7  1596.4 2100.9 -0.05
9 15.18 0.78 21.12 0.57 1724.3 2354.4 1342 1344.9 1677.5 -0.09
10 12.00 0.85 18.24 0.41 1401.8 2094.2 858.6 1191.5 1073.3 -0.64
11 7.71 0.85 16.75 0.45 1051.2 1906.2 857.8 893.5 1072.2 0.03
12 5.09 0.9 16.31 0.45 877.4 1853.6 834.1 789.6 1042.6 0.22

Table 5.1: Monthly calculation of the mean fgg; i, factor in the bathroom according to ISO 13788:201.

Mon. 6, Pe 0; A Psat(@.) Psat®)) Pe pi PsarOsi,min)  TRsi,min
1 416  0.86 1485 045 822.0 1688.0 759.6  707.0 949.5 0.19
2 414 080 1560  0.42 820.9 1771.4 7440  656.7 930.0 0.16
3 6.20 081 1719 051 947.65 1960.09 999.7  767.6 1249.6 0.37
4 877 075 188  0.49 1129.8 2168.9 1062.8 8473 1328.5 0.24
5 1412 071 1928  0.52 1610.2 2234.8 1162.1  1143.2 1452.6 -0.31
6 1715 076 2159  0.62 1955.13 2577.1 1597.8  1485.9 1997.2 0.08
7 1823 073 2262 061 2092.9 2743.9 1673.8  1527.8 2092.2 -0.00
8 1850 075 2214  0.61 2128.6 2665.04  1625.7 1596.4 2032.1 -0.20
9 1518  0.78 19.14  0.58 1724.3 2215.4 1284.9  1344.9 1606.17 -0.28
10 1200 085 1728  0.46 1401.81 1971.3 906.8  1191.5 1133.5 -0.60
11 771 085 1560 0.45 1051.2 1771.4 797.1 8935 996.4 -0.10
12 509 090 1500  0.46 877.4 1704.4 784.0  789.6 980.0 0.16

Table 5.2: Monthly calculation of the mean fg; i, factor in the bedroom according to ISO 13788:201.
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The risk of interstitial condensation was assessed graphically according to the Glaser method
for every section under scrutiny and every hour in a whole year by making use of Grasshop-
per. Firstly the vapour pressure lines where calculated in excel and then the results were
imported in Grasshopper where the cases when the lines intersect were identified. For the
sections under scrutiny the temperature and RH levels at the surface of the materials were
derived from the WUFI simulations and used to create the saturation vapour pressure line
along the sections. The saturation vapour pressure levels at the contact surface of the ma-
terials in the sections were calculated according to the formulas Form.( 5.7), Form.( 5.8).
The partial water pressure line was created by taking into account the vapour resistance
factor of each material:

(Pindoor = Poutdoor) * L1, (i * d)
Pcontact surfacer = Pindoor — Sl 0,11” o i=1 1 : (5.12)
Zizl(l'ti * dl)

Where:
n=number of materials in the section

k=material sequence number

5.2.1. THE ASSESSMENT FACTORS

The hygrothermal performances of hempcrete in comparison to those of sand lime bricks
and AAC bricks have been assessed according to two factors: the thickness and the thermal
resistance of the wall. For the first case, walls with a same thickness of around 32 cm were
constructed. A thickness of 30-35 cm is typical for the case of Dutch buildings so 32 cm were
considered suitable to make a direct comparison between the material performances. Nev-
ertheless, according to the Dutch Building Decree, building walls should be characterised
by a thermal resistance higher than 4.7 m2K/W (Rc > 4.7 m?*K/W ) . This requirement is
met only for the case of the section composed by the sand lime bricks and the fiber glass
board insulation. As a result, additional sections with a thermal resistance of 4.7 m?K/W
and a respective thickness were designed and assessed.

The thickness of the wall was defined by the following formula for the case of the sections
for which the configuration in y direction remained the same.

nod;
Riotai = Rc + Rsi + Rse = Z (E) + Rsi + Rse (5.13)
i=1

Where:

n=number of materials in the section

d=the thickness of the material layer

A = the thermal conductivity of the material layer

R.=the thermal resistance of the construction

R;= the thermal resistance at the internal surface (0.13 m?K/W)
R.= the thermal resistance at the external surface (0.04 m?K/W)
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Material Thickness  VAPOEEENERES detivity resistance
(m) ©) (W/mK) (m2K/W)
Hempcrete Design
Clay 0.010 11.30 0.650 0.015
Hempcrete 0.350 4.85 0.073 4.795
Lime 0.012 7.00 0.700 0.017
Total 0.37 5.0%
SL Design
Cement Plaster 0.010 25 1.20 0.008
Sand lime Bricks 0.15 28 1.00 0.15
Fiber Glass Insulation 0.16 1 0.035 4.57
Cement Plaster 0.012 25 1.20 0.01
Total 0.332 4.9*
AAC Design
Cement Plaster 0.010 25 1.20 0.005
AAC 0.480 7.9 0.10 4.8
Cement Plaster 0.012 25 1.20 0.01
Total 0.502 5.0%

Table 5.3: Simple Wall constructions.

* Including Rse, R;

For the hempcrete detail 2, where the configuration of the external wall does not stay the
same but it is interrupted by the spruce column, the approach described in the Dutch stan-
dard NTA 8800-2022 was followed to define the required thickness of the wall. This ap-
proach accounts for the calculation of the equivalent thermal resistance of walls (R7) with
composite structures and is presented below. In order to include in WUFI 2D equivalent
sections of different materials with the same thermal resistance, the calculations have been
done for the area of the external wall that is present in the assessed detail (Figure (5.3)). This
leads to a slight overestimation of the thickness of the composite hempcrete -spruce wall,

since in reality a column spruce corresponds to a slightly higher wall length.

Aunit
RT’ =
AgxUgz+ Ap * Uy
1 Aa*Aaj"'Ab*/lbj
e Aunit
n di
RT" = Z(_,,) +Rsi +Rse
i1 AJ

Rsi + Rse+ a' * Ry + Ry
Rp= -3 181105*;, L Ry—Rsp>47m*KIW

(5.14)

(5.15)

(5.16)

(5.17)
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Where:

Aynir= the area of the external wall in the assessed detail in m? according to Figure (5.3).
A,= the area of projected section a in m? according to Figure (5.3).

Ap=the area of projected optimal section b in m? according to Figure (5.3).
A j»=the equivalent thermal conductivity of layer j according to Figure (5.3).
a'= factor defined accordingly to the standard NTA 8800-2022

here a’=0, since Ry < 1.05 * Ry + Rg; +Rse

®
D
] 7250507
s
® ®

Figure 5.3: Section under assessment.

Material Thickness Length Corl;l}:ifﬁgtliexlzli ty Area rgliggrrllacle
(m) (m) (W/mK) (m?) (m?K/W)
Section a
Clay 0.01 0.4 0.65 0.004 0.02
Hempcrete 0.085 0.4 0.073 0.034 1.16
Spruce 0.18 0.4 0.09 0.072 2.00
Hempcrete 0.085 0.4 0.073 0.034 1.16
Lime 0.01 0.4 0.70 0.004 0.02
Total 0.37 0.4 -) 0.15 4.53 *
Section b
Clay 0.01 3.215 0.65 0.032 0.02
Hempcrete 0.085 3.215 0.073 0.27 1.16
Hempcrete 0.18 3.215 0.073 0.58 2.47
Hempcrete 0.085 3.215 0.073 0.27 1.16
Lime 0.01 3.215 0.70 0.039 0.02
Total 0.37 3.215 -) 1.20 5.00 *

* Including Rse, Ry;

Table 5.4: Properties of the sections a and b.
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j A" di/A" i Ry Ry Ry
1 0.65 0.02
2 0.073 1.16
3 0.073 2.4 4.94 4.94 477
4 0.073 1.16
5 0.7 0.02

Table 5.5: The final thermal resistance of the composite construction

5.3. THE ASSESSMENT’S RESULTS
5.3.1. THE SURFACE CONDENSATION

The time steps during the year that surface condensation occurs were collected and organ-
ised in graphs for the Details 2 (Figure: 5.4) and 1 (Figure: 5.5).

The results in the graphs are represented according to the following method:
D;_M_S;

Where:

* D accounts for the detail under scrutiny (i=1 or 2)
* M accounts for the respecting type of the wall’s assembly, (see also Abbreviations)

* S accounts for the section under scrutiny (j=1-6)

Detail 2

As it can be seen in the graphs of the hempcrete options for the Sections S1, S2 and S3, no
surface condensation occurs during the winter for none of the different hempcrete com-
positions (Figure 5.4 [al]). In addition, the condensation hours are low (around 30 hours
per year) and no consecutive. The hours that condensation occurs remain very close for all
Hempcretes under examination however a slight improvement can be noticed as the ther-
mal conductivity of the composition decreases (Figure 5.4 [al]). Hempcretes with better
thermal performances are characterised by less hours of condensation and and frsi values
that approximate better the frsi,min. As expected, the better designed H3z; has a notice-
able improvement since the frsi values that approximate better the frsi,min (Figure 5.4 [al])
and the yearly hours of condensation appear decreased (Figure 5.4 [a2]).

It is worth noticing here, that S1 performs slightly better than S2 in the case of the hemp-
cretes with the higher thermal conductivity (H1,H2,H4), even though it represents the sec-
tion with the lowest thermal performance in the bathroom due to the presence of timber
column (Figure 5.4 [a2]). A possible explanation to the latter could be associated with the
presence of the tiles that are close to S1. The tiles work as a barrier to the moisture and
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prevent excessive moisture to accumulate on the surface of the wall. This is not the case
for S2, where eventually higher moisture levels are present and due to the higher thermal
conductivity condensate (Figure 5.4 [a2]). When it comes to the Hempcretes with the better
thermal performances (H3,H3g,;), the temperatures on S2 remain high enough to prevent
the excess of moisture to condensate. The effect of the geometry (wall corner) is also no-
ticeable for the hempcretes with the lower thermal performances where Section S3, even
though is located in the bedroom displays slightly worst results than those in the bathroom,
probably due to the lower temperatures that are present at the corner area (Figure 5.4 [a2]).

When it comes to a direct comparison between the different materials the results appear
to differentiate more. For the case of the same thickness of the wall, Hempcrete appears
to approximate remarkably the results of the SL wall assembly despite the difference in the
thermal resistance (Figure 5.4 [b]) and (Figure 5.4 [a2] (For H3-SL)). The difference in the
hygrothermal performances of the materials becomes noticeable also in the case of AAC.
For a wall with a same thickness, H3 and AAC display a great difference in performances
for the section located in the Bathroom, where for the case of AAC, surface condensation
appears already in winter (Figure 5.4 [b] - Pink) and (Figure 5.4 [a2], For H3-AAC). For walls
with the same thermal resistance hempcrete still outperforms AAC in high moisture envi-
ronments (Figure 5.4 [a2] (For H3rd-AACgd)). The results between the Hempcrete and the
SL design are the same.

Detail 1

The same pattern regarding the relationship between thermal conductivity and the sur-
face condensation can be detected in the case of the Detail 1, too (Figure 5.5,5.6). Surface
condensation is remarkably decreased in S4, S5, S6 as the thermal conductivity of the simu-
lated hempcrete wall decreases (Figure 5.5 [d,e]). S4 which is located at the bathrooms cor-
ner appears to have higher surface condensation than than all the sections under scrutiny
and for the majority of the materials and thicknesses under examination (Figure 5.5 [e,f]).
An exemption appears however for the case of the wall assemblies with the higher thermal
conductivities. (H1,H2 Figure 5.5 [e] S6>54) Nevertheless, the results for S4 are remarkably
worse for the case of SL configuration (Figure 5.5 [e] SL_S4: 59 hours), even though in com-
parison to Hempcretes and AAC, only SL meets the thermal resistance requirement of the
Dutch Building Decree for the same wall thickness .

For the case of H3p4, the local effect of the thermal bridge due to the presence of the timber
supporting frame leads to a slightly worse performance than the one detected in the case
of AAC. Nevertheless, even with lower thermal performance, all the simulated hempcrete
options still outperform SL at S4 due to the moisture buffering capacity of the material. The
effect of the window (thermal bridge) is more noticeable for the hempcretes with the lower
thermal conductivity (H1,H2,H4) which can be seen in the sections S4 and S5 (Figure (5.5
[d,e]). Nevertheless, for the optimised case of H3g, the effect is remarkably decreased in the
Section S4 - e.g. 33 hours for H3g; and 52 hours for H1 - (Figure (5.5 [d,e]) and disappears
for the corner of the bedroom, since same hours of condensation (23 hours) appear in the
respective corners of the two assessed details (Section S5 for H3g4: Figure (5.5 [d,e] and
Section S3 for H3g,: Figure (5.4 [al,a2]).
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Figure 5.4: Surface condensation - (Detail 2).
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Figure 5.5: Surface condensation - (Detail 1).
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5.3.2. THE INTERSTITIAL CONDENSATION
Wall of the same thickness
Detail 2 Detail 1
Material Section 1 Section 2 Section 3 Section 4 Section 5 Section 6
H1 68 0 0 51 0 0
H2 72 0 0 52 0 0
H3 71 0 0 57 0 0
H4 67 0 0 43 0 0
SL (-) 3 0 3 0 1
AAC (-) 29 5 0 0 0

Table 5.6: Condensation hours during the 10th year of the simulation a wall with the same thickness (d= 32

cm).

Wall of the same Rt
Detail 2 Detail 1
Material Section 1 Section 2 Section 3 Section 4 Section 5 Section 6
H3r4 68 0 0 48 0 0
SL (-) 3 0 0 0 0
AACpy ) 13 0 0 0 0

Table 5.7: Condensation hours during the 10th year of the simulation in a wall with the thermal resistance
(Rr =5 m*KIW)).

According to Table 5.6, small differences regarding the hours of condensation per year can
be observed between the different hempcrete options when they are compared in walls
with the same thicknesses, even though the thermal conductivity of the hempcretes under
scrutiny differs (from 1=0.073 - 0.115 W/(mK)). When compared to the SL and AAC design
in the monolithic hempcrete sections (S2,S3, S5, S6) hempcrete shows in general equal or
better performances. In Table 5.6, only the SL design meets the thermal resistance require-
ment of the Bouwbesluit. However, no interstitial condensation appears in the monolithic
sections of hempcrete for both the cases of the Bathroom (S2, S6) and the Bedroom (S3, S5)
even for the case of hempcrete walls with significantly lower thermal resistance (H1, H2:
Table 5.7).

In the case of the Section S1 of the Detail 2 (D2) (Table 5.6), which accounts for the sec-
tion with the timber column close to the bathroom tiles, no particular conclusions can be
derived regarding a possible higher performance of any hempcrete option, since the num-
ber of condensation hours for the different hempcrete design options remains quite close.
Nevertheless, the latter indicates a smaller sensitivity of the possibility of condensation to
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the thermal conductivity value of the hempcrete in the current location. A higher sensi-
tivity to the thermal conductivity however can be detected for untiled wall in the Section
S4 of the Detail 1, (Table 5.6), where again a timber column is present for the support of
the window, and in general the hempcrete options H1 and H2 with almost similar thermal
conductivities (177=0.11 W/(mK) - A»=0.115 W/(mK)) are characterised by similar con-
densation hours (51,52).

It is also worth mentioning here that the hempcrete H3 which has the lower thermal con-
ductivity (1x3=0.073 W/(mK)) is characterised by the poorest performance, whereas the
hempcrete H4, which has a slightly higher thermal conductivity (A 4=0.09 W/(mK)) shows
better performances even when compared to the hempcrete wall that meets the thermal re-
sistance requirement of the Bouwbesluit (Table 5.7). Both the aforementioned hempcrete
compositions are characterised by similar characteristics. The main difference in their per-
formance can be therefore attributed to their sorption curves (Figure 5.1). H4 is charac-
terised by a higher sorption curve which can result to a more efficient buffering of high RH
levels.



5.3. THE ASSESSMENT’S RESULTS 107

5.3.3. THE ISOPLETHS

In order to assess the risk of growing mould on the spruce column of Detail 2, the isopleths
of two of its sides which are more exposed to moisture (sides towards the exterior and the
interior) were plotted. Parts of the graph with lighter colours (yellow) account for time steps
close to the start of the simulation, whereas darker colours (black) represent the conditions
close to the end of the simulation (10 years). The risk limits are represented by the lines
LIM I (Biological materials) and LIM II (Porous building materials). For the case of the risk
in the spruce, the risk limit according to LIM I is taken into account.

Regarding the side towards the interior, the spruce’s isopleths show no remarkable differ-
ences between the four hempcrete options. They are characterised by a very low risk, which
decreases rapidly with time as the spruce dries out. The isopleth diagram for hempcrete 1
and 3 can be seen in the Figure 5.7. The diagrams for the other two options can be found
in the Annexes (Figure A.18).

Hempcrete 1 Hempcrete 3
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Figure 5.7: Isopleths on the inner side of the spruce column - Detail 2.

Nevertheless, some differences in the performance of the spruce column can be detected
for the case of the side towards the exterior which is subjected to higher moisture loads
due to rain (Figure 5.9). In this case the water absorption of the hempcrete plays a cru-
cial role and influences the risk of mould growth remarkably. Even though the spruce in
all four hempcrete options remains in general under the critical lines with only a few ex-
ceptions which are recorded early in the simulation (yellow colour) when the section is still
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highly influenced by the initial conditions (RH=80%), someone can still detect the better
performance of the spruce column which is surrounded by Hempcrete 1. The lower wa-
ter absorption of the respective hempcrete hinders the propagation of rain water towards
the spruce, which would create favourable conditions for mold growth. The isopleth graph
quickly comes away from the critical lines in comparison to the other three hempcrete op-
tions where values close to the critical lines are still detected also later in the simulation
(darker colours close to critical lines). This high influence of the water absorption can be
better understood when the isopleth diagrams between Hempcrete 1 and Hempcrete 2 are
compared (Figure 5.9),in which case the thermal conductivity between the materials is al-
most the same (around 0.11W/(mK)) but the water absorption potentials are more than
doubled (H; :0.074 kg/m?/s°° - H, :0.17 kg/m?/s°®). In general, spruce column performs
the worst when it is combined with the Hempcrete 2 (Figure 5.9), due to its lower thermal
conductivity and higher water absorption. Regarding the influence of the thermal conduc-
tivity of hempcrete, some conclusions can be drawn, by assessing the isopleth diagrams
for the Hempcrete 3 and Hempcrete 4 designs (Figure 5.9) which have are characterised by
the same water absorption but different thermal conductivity values. The performance of
spruce in the Hempcrete 3 design appears to be slightly better, as the graph approaches the
critical lines less frequently than that of the spruce which is surrounded by Hempcrete 4.

The same features as described above can be detected in the case of the spruce frame which
supports the window in Detail 1. The respective isopleth graphs are displayed in the An-
nexes (Figure A.19, Figure A.20).

The isopleth graphs for the optimised case in which hempcrete is characterised by the low-
est thermal conductivity, enough thickness to meet the requirements of the Bouwbesluit
and adequate absorbance to protect the wooden columns from the external moisture with-
out hindering its drying capacity are depicted in Figure 5.8. The results appear improved
regarding the risks, since the risk of mold on the spruce decline even more throughout the
years.
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Figure 5.8: Isopleths for the inner and outer side of the spruce column in the optimised case - Detail 2.
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5.3.4. THE WATER CONTENT AND RH

Two important factors that can influence the thermal performances of a material are the
water content and the RH that are present inside it. Both these factors had been assessed in
the details under scrutiny for the three different material assemblies. For the details D1 and
D2, the results show that the walls are properly designed since the water content decreases
after time both inside the wall and in the spruce. By looking on the water content graph
of the hempcrete options, it can be observed that for H3 and H4 the water content lines
remain in ranges that account for around the half of the respective ranges for hempcretes
H1 and H2. This aspect reflects the image of their sorption graphs. For the optimised H3pd
option where the thickness of the material is higher (35cm instead of 30cm) the real differ-
ence in the results of the walls water content is not clearly shown by the graph. Therefore,
dividing the value derived in the last timestep by the walls thickness shows:

« For H3: 15.55 (kg/m?)/0.30 (m) = 51.83 kg/m?

 For H3p4 :14.99 (kg/m3)/0.35 (m) = 42.83 kg/m?

In addition, in the spruce’s graph of the optimised H3gp, three important features can be
detected. The first one is regarding the overall decrease in the water content of the spruce
which in comparison to the rest of the hempcrete option is the sharpest. Regarding the
second feature, the water content gains during the winter period appear milder in compar-
ison to the rest of the hempcrete options. Lastly regarding the third feature, the difference
between the graph of of the spruce in the case of H3zD increase as the simulation time
passes, which means that even with the decrease in the water absorption capacity of the
hempcrete (in comparison to H2,H3,H4), the spruce’s drying due to the initial conditions
of the simulation is not impeded.

Both the aforementioned improved features can be attributed to two factors: the decreased
water absorption capacity (in comparison to hempcrete options H2,H3,H4) and the in-
creased thickness of the hempcrete layer before the column (+2.5 cm).
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Figure 5.10: Water content for materials in detail D2 - Hempcrete wall (left) and spruce (right).
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The relative humidity on the inter layers between the materials for the sections of the detail
D2 and section S4 of detail 1 is presented in the following figures. The same characteristics
as in the water content graphs can be also detected here. The hempcrete options with
the higher water absorption capacity allow higher amounts of moisture to reach the outer
surface of the spruce column (Table 5.10), whereas the lower maximum RH level is detected
in the optimised H3zp case (69.3 %). Nevertheless, for none of the hempcrete options in
details D2, RH on the outer layer of the spruce surpasses 80% - which is a critical value
frequently associated with mold growth and degradation -. When RH on the layer between
the clay and the hempcrete is compares for S1 and S2, it can be seen that the tiles which
work as a water barrier influence slightly the RH, and therefore higher values are detected
at the S1 which is close to the tiles. For the case of the AAC, the RH levels on the surface
towards the exterior, between the AAC and the mortar appear decreased in comparison to
the other options. The same characteristic can be seen in the hempcrete options with the
lower sorption curves (H3,H4). That shows the influence of the sub-layer’s water capacity
on the moisture that eventually passes the mortar.

The same trends can be observed also in the case of the Section S4 (Table 5.10). However, in
this case, where the timber column is more exposed to the outdoor environment, RH levels
higher than 80% eventually manage to reach the supporting timber column for the case of
H2.
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Detail D2
Section 1 Section 2 Section 3
Design Max * Max Max *
option Surface RH(%) Hours Surface RH(%) Hours Surface RH(%) Hours
H1 Clay 86.6 18 Clay 85.9 14 Lime 69.8 0
- Clay 67.9 0 Clay 68.9 0 Clay 64.6 0
empcr. Hempcr. Hempcr.
I_slempc' 61.5 0 Hempcr. 96.2 3488 Hempcr. 96.2 3488
pruce Lime Lime
I_Slpruce 725 0 Lime 99.1 4110 Lime 99.1 4123
empc.
Hf.mpc' 96.2 3476 - - ; - - ;
lme
Lime 99.1 4115 - - - - - -
H2 Clay 86.8 22 Clay 86.1 13 Lime 69.9 0
. Clay 67.8 0 Clay 68.9 0 Clay 64.6 0
empcr. Hempcr. Hempcr.
Igempc' 62.7 0 Hempcr. 96.1 3481 Hempcr. 96.1 3471
pruce Lime Lime
Spruce . .
Hempc. 77.1 0 Lime 99.1 4099 Lime 99.1 4118
Hf.mpc' 96.1 3462 ; ; ; ; - ;
lme
Lime 99.1 4104 - - - - - -
H3 Clay 86.0 13 Clay 85.2 6 Lime 69.5 0
- Clay 69.6 0 Clay 69.9 0 Clay 65.3 0
empcr. Hempcr. Hempcr.
Igempc' 62.7 0 Hempcr. 95.3 3568 Hempcr. 95.3 3566
pruce Lime Lime
gpmce 75.9 0 Lime 99.1 4170 Lime 99.1 4187
empc.
Hf.mpc' 953 3523 - - ; - - ;
lme
lime 99.1 4161 - - - - - -
H4 Clay 86.3 15 Clay 85.6 11 Lime 69.8 0
. Clay 68.8 0 Clay 69.1 0 Clay 66.0 0
empcr. Hempcr. Hempcr.
Hempc. 62.6 0 Hempcr. 95.3 3396 Hempcr. 95.3 3396
Spruce Lime Lime
Spruce 75.8 0 Lime 99.1 4143 Lime 99.1 4158
Hempc.
Hempc. 953 3383 ; ; ; ; - ;
Lime
lime 99.1 4140 - - - - - -
*Hours when RH>80

Table 5.8: Rh at the interface of the hempcrete layers.

The results are presented from the interior towards the exterior




114 5. THE 2D-SIMULATIONS
Detail D2
Section 1 Section 2 Section 3
Design Max « Max " Max %
option Surface RH(%) Hours Surface RH (%) Hours Surface RH (%) Hours
H3pra Clay 86.0 12 Clay 85.2 6 Lime 69.3 0
- Clay 69.4 0 Clay 69.9 0 Clay 65 0
empcr. Hempcr. Hempcr.
Hempc. 62.2 0 Hemper. 95.3 3555 | Hemper 95.3 3547
pruce Lime lime
gpmce 69.3 0 lime 99.1 4188 lime 99.1 4199
empc.
H]‘j.mpc' 95.3 3519 - - - - - -
ime
Lime 99.1 4180 - - - - - -
Cement Cement
AACRq . ) ) Plaster 84.1 6 Plaster 69.3 0
Cement Cement
- - - Plaster 67.5 6 Plaster 66 0
AAC AAC
AAC AAC
- - - Cement 86 3456 Cement 85.8 3409
Plaster Plaster
- - - Gement 99.9 3950 | Gement 99.9 3959
Cement Cement
SL B B B Plaster 90.1 50 Plaster 712 0
Cement Cement
B B B Plaster SL 68.9 0 Plaster SL 67.4 0
- - - SL FG Ins. 78.1 0 SL FG Ins. 78.9 0
FGIns. FGIns.
- - - Cement 96.9 3145 Cement 96.5 31270
Plaster Plaster
- - - Cement 96.2 3998 | Gement 96.2 4007
*Hours when RH>80

The results are presented from the interior towards the exterior

Table 5.9: Rh at the interface of the material layers - same R;.
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Detail D1
Section 4
H1 H2 H3
Max " Max Max "
Surface RH(%) Hours Surface RH(%) Hours Surface RH.(%) Hours
Clay 85.9 14 Clay 86.1 16 Clay 85.2 11
Clay 68.6 0 Clay 68.5 0 Clay 69.7 0
Hempcr. Hempcr. Hempcr.
Hempc. 63.9 0 Hempc. 63.9 0 Hempc. 64.8 0
Spruce Spruce Spruce
Spruce 76.3 0 Spruce 80 54 Spruce 778 0
Hempc. Hempc. Hempc.
Hempc. Hempc. Hempc.
Lime 96.6 3964 Lime 96.5 4034 Lime 95.3 3514
Lime 99.2 4457 Lime 99.2 4448 Lime 99.2 4170
H4 H3grp
Max Max
Surface RH(%) Hours* Surface RH(%) Hours *
Clay 85.4 11 Clay 85.2 10
Clay 68.9 0 Clay 68.8 0
Hempcr. Hempcr.
Hempc. 64.8 0 Hempc. 63.6 0
Spruce Spruce
Spruce 78.1 0 Spruce 69.4 0
Hempc. Hempc.
Hempc. 95.3 3383 Hempc. 92.1 3294
Lime Lime
Lime 99.2 4153 Lime 94.6 4171
AACRrp SL
Max « Max "
Surface RH(%) Hours Surface RH(%) Hours
Cement Cement
Plaster 9.8 6 Plaster 84.2 25
Cement Cement
Plaster 66.4 0 Plaster SL 68.5 0
AAC
SL FG Ins. 76.8 0
FG Ins. SL 68.6 0
AAC
Cement 85.3 2884 SLgement | gg 5 3140
Plaster aster
Cement Cement
Plaster 95.9 3886 Plaster 96.1 3954
*Hours when RH>80

Table 5.10: Rh at the interface of the hempcrete layers.

The results are presented from the interior towards the exterior
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5.3.5. THE DRIVING RAIN

The biobased nature of hempcrete creates the necessity to assess its performances under
high rain loads. For this reason the optimised option of hempcrete (H3g,), as it was for-
mulated from the conclusions derived by the Details 1 and 2, was assessed in Detail 3 (Roof
connection - Driving rain facade) in comparison to the equally thermal resistant SL and the
AAC walls.

In order to reduce the computational time and the complexity of the model in WUFI-2D,
the layers above the insulation, namely the air-layer between the insulation and the tiles,
the wooden roof battens and the tiles, were not included in the model. This simplification
is regarded acceptable for the following reasons:

* The ommitance of the three aforementioned layers influences slightly the thermal
resistance of the roof.

* The ommitance serves towards the safe conservative side. Ommiting these layers
leads to a slight decrease of the thermal resistance of the roof. As a result, the results
will be slightly more conservative than the reality.

* The section which is assessed is part of the external wall and not part of the roof it
self. Hence, the influence of such ommitance is considered negligible.

Hempcrete St AAC
Material Thickness (m) Conductivity (W/mK) Vapour resistance factor (-)
Gypsum Plaster 0.01 0.20 8.3
PIR Insulation 0.20 0.024 72
Water resistant layer 0.001 2.3 200
Rc (m¥KW) 8.4

Figure 5.11: Configuration of the simulated Detail 3 - Roof (Vertical section).

Nevertheless, the insulation in the reality is protected from the direct water rain by the
tiles. This aspect needs to be included in the simulation. As a result, the direct rain was
excluded from the external boundary condition that was assigned to the roof and during
a rain incident, the insulation is affected only by the the high moisture levels and not by
a direct water contact. According to the aforementioned the assessed detail was formed
according to the Figure 5.11.
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After running the simulations for the case of the Hempcrete and the AAC, it was observed
that the high amounts of rain vertical to the facade resulted in accumulation of water in the
walls which indicates that the current design could be problematic. According, to the lit-
erature the amount of moisture that remains inside the material after summer, should not
exceed a maximum value depending each time on the type and thickness of the material.
This maximum value for hempcrete is:

* 30 xp xd [g/m?]: for hempcrete as an organic material [16]
* Which for the case of the current wall is equal to: 30 x405 x 0.35 = 4.25 [kg/mz]

* The amount of water content that remains in the material after summer (Figure (5.13)
is: (116 - 60) x0.35=19.6 > 4.25 [kg/m?]

¢ The amount of water content that remains in the material after summer when water
protection is used (Figure (5.13) is: (10.8-8.7) x0.35=0.74 << 4.25 [kg/mz]

AAC

e I T, et e it el

1/1/2007 00:00 AM 1/1/2010 00:00 AM ¥ 1 1/1/2013 00:00 AM 1/1/2016 00:00 Al

Hempcrete

1/1/2007 00:00 AM 1/1/2010 00:00 AM i i 1/1/2013 00:00 AM 1/1/2016 00:00 Al

Figure 5.12: Water accumulation in the simulated details for the case of AAC and Hempcrete.

Thus, a cladding or a mortar that is waterproof enough to act as a barrier for the liquid water
but simultaneously vapour permeable is needed to protect the wall from the driving rain.
The protecting effect of cladding was implemented in the simulation in the same way as the
effect of ceramic roof tiles, and the rain was excluded from the external boundary condi-
tion. Hence, during a rain incident the wall is influenced by the high moisture level but not
by a direct contact with the rain water. The water content in Hempcrete is indeed declined
and stabilised after the influence of the initial conditions has finished. The water content
decrease after the implementation of the cladding effect in the simulation was around 90%
(from more than 105 [kg/ m?3] to less than 11 (kg/ m3]). The aforementioned results showed
that if the amount of rain is high, a water barrier or cladding might be needed.
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Water Content Water Content
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Figure 5.13: Water content in the simulated details for the case of AAC (left) and Hempcrete (right).
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Figure 5.14: Water content in the simulated details for the case of of hempcrete H3g;. Protected case (left)
and initial case (right).
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5.4. THE ASSESSMENT OF HYGROTHERMAL BEHAVIOR OF THE DIF-
FERENT MATERIALS

In order to visualise the hygrothermal behaviour of the different materials WUFI RH iso-
lines were exported for one date in the year during the critical month (March) when a
shower and precipitation occurred simultaneously. High levels of driving rain on the fa-
cade (0.9) before the assessed period (31/3/2015 7:00 AM -12:00 PM) have led to high RH
levels (around 84%) on the facade. In the following section only the figures that contribute
to the relevant discussion are present. The rest can be found in the Annexes (Figures A.29-
A.52).

The four hempcrete options

When the four hempcrete options are compared to each other, the influence of the com-
position and the production process is noticeable, as hempcretes that have been created
by the same researcher show more hygrothermal behavior similarities (H1 with H2 and H3
with H4). In addition, some differences in their moisture regulation capacities can be ob-
served. Hempcretes which are characterised by the higher sorption curves (H1,H2 - Figures
5.15-5.20) show a slightly increased moisture buffering capacity as the respective isolines
appear to have moved deeper in the facade (e.g. Figure 5.15 - Isoline 60% RH). This mois-
ture buffering capacity can be beneficial for the regulation of the indoor RH levels and the
establishment of comfort. In addition, in the case of the same hempcretes (H1,H2), mois-
ture seems to be better distributed inside the wall. The latter can be understood by the
shape of the isolines which appear smoother than in the case of H3 and H4, where some-
times even local areas with lower RH levels can be detected (e.g. Figures 5.18-5.20 H3, Fig-
ure 5.15-H4 corner). This characteristic can be beneficial in the areas where hempcrete is
in contact with timber, since higher moisture levels which may be present in timber due to
rain, can be buffered and absorbed faster by the hempcrete wall. An example of the latter
can be observed in Figure 5.15, in the area under the window where timber is in contact
with the hempcrete wall. For H3, slightly higher levels of RH seem to be present in the
area. On the other hand however, RH levels in the respective area appear smoother even
though H4 is still characterised by a lower sorption curve in comparison to H1 and H2. The
main reason for that is the thermal conductivity of H4 which in comparison to the other
hempcrete options approaches closer to that of the wood. Despite the aforementioned dif-
ferences in the hygrothermal performance of the hempcretes under scrutiny and the higher
capacity of moisture absorption of H1,H2, it is worth mentioning here that eventually the
moisture levels in the middle of the wall remain the same for all the hempcretes under
scrutiny. The latter can be detected by observing the isoline of 66% RH which stays stable
in the same location for all the hempcretes and time moments under scrutiny. Therefore
the higher moisture which is absorbed by H1 and H2 is eventually distributed along the
wall and not accumulated.

The same characteristics can be detected in Detail 2. However, in this case the influence
of the water absorbance of the hempcrete can be noticeable too. In Figure 5.23, H1 which
is characterised by lower water absorption capacity but similar thermal conductivity and
sorption curve to those of H2, has resulted to lower RH levels to be present within the
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spruce column. The Isoline of 73% RH remains in the hempcrete area before the spruce
whereas for the rest of the hempcrete options, the respective Isoline creates a circular high
RH area within the spruce. The influence of the shower is slightly noticeable for the hempcretes
H3, H4 (Figures 5.24, 5.25).

The different materials

A different image is detected when the different designed walls (Hempcrete, SL, AAC) are
compared to each other. For the case of the materials with the highest moisture buffering
capacity (Hempcrete and AAC) the RH humidity levels are gradually decreased from the ex-
terior to the interior. This is not the case for the SL designed wall however. The differences
in the vapour resistance values (u) between the FG insulation (u=1 (-)) and the SL bricks
(u= 25(-)) restrict the RH which is easily undertaken by FG (due to its low moisture resis-
tance value) inside the insulation. As a results high amounts of RH are present inside the
insulation (Red Isolines of 76% RH with the same colour: Figure 5.26) which can decrease
its insulating capacity. The SL Bricks are not eventually influenced by the RH levels and the
central low RH areas inside them remain stable (Figure 5.21, Figure 5.22). In general, RH
levels inside the SL are remarkably lower than the ones in the case of AAC and Hempcrete.
A characteristic example is the again detected in the central low RH area of the SL design,
where the Isoline detected accounts for 43%, in the case of the other two designs however
the Isoline of 59% is present at the same location.

When the hempcrete wall is compared to the AAC, the differences become more difficult
to be distinguished. Again the later can be attributed to the vapour resistance factor (u)
which for the case of these two materials is very close (Hempcrete: 4.85 - AAC: 7.9). Both
the aforementioned materials have a similar response to the shower incident (31.3.2015 at
10:00). The latter can be understood by observing the Isoline of 55% RH, which starts to be
influenced by the indoor RH increase at 10:00 AM, moves deeper inside the wall until 11:00
AM and eventually returns at its initial location at 12:00 PM (Figures 5.26-5.27). The walls
made of these two materials are able to absorb the additional moisture and stabilise the
indoor environment. The SL wall has a slower response as the Isoline of 47% RH appears in
the wall behind the tiles at 11:00 and remains in that place also at 12:00 PM (Figures 5.26-
5.27). The extensive moisture in the case of the SL brick appears to be buffered inside the
wall, as the respective Isoline goes deeper in the external wall of the adjacent room (Figure
5.27). The same feature is not present in the Hempcrete design where the Isolines do not
incline but remain stable in the external wall of the adjacent room (Figure 5.27).
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5.4.1. DETAIL 1

The four hempcrete options - 31/3/2015

¢ Bathroom conditions: RH 57%, Temperature: 19.9 °C
* Bedroom conditions: RH 53%, Temperature: 17.5 °C

* Qutdoor conditions: RH 75%, Temperature: 9.2 °C, precipitation: 0.2 (Driving rain)

Date: Date:
3/31/2015 7:00 AM 3/31/2015 7:00 AM
41.270 41.270
26,137 26,137
51,005 51,005
55.973 i 55.973
60.740 60.740

(a) Hempcrete 1 (b) Hempcrete 2
Date: Date:

3/31/2015 7:00 AM 3/31/2015 7:00 AM
41.270 41.270
46.137 46.137
51.005 51.005

| 55.873 iy 55.873

ml 60.740 il 60.740

l £5.608 il 65.608

(c) Hempcrete 3

Figure 5.15: Hempcrete behaviour - Date 31/3/2015 at 7:00.
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* Bathroom conditions: RH 57%, Temperature: 20 °C
* Bedroom conditions: RH 53%, Temperature: 17.4 °C

* Outdoor conditions: RH 72%, Temperature: 9.4 °C, precipitation: 0.1 (Driving rain)

Il Date: Date:

" 3/31/2015 8:00 AM 3/31/2015 8:00 AM

Il 38.017 38.017
42.716 42.716
47418 47416
52,115 52.115
56.814 56.814
61.513 61.513
66.212 66.212
70.911 70.911
75.611 75.611
80.310 80.310

(a) Hempcrete 1 (b) Hempcrete 2
Date: H Date:

3/31/2015 8:00 AM 1t 3/31/2015 8:00 AM
38.017 uil 38.017
42,717 i 42,716
47416 = 47416

i 52.115 il 52115

[ 56.814 M 56.814

] 61.513 ] 61.513

M 66.212 Hl 66.212

il 70.912 il 70.911
73611 73.611
80.310 20.310

(c) Hempcrete 3 (d) Hempcrete 4

Figure 5.16: Hempcrete behaviour - Date 31/3/2015 at 8:00.
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e Bathroom conditions: RH 57%, Temperature: 20.3 °C

* Bedroom conditions: RH 53%, Temperature: 17.4 °C

* Outdoor conditions: RH 69%, Temperature: 9.2 °C, precipitation: 0.1 (Driving rain)

Date:
3/31/2015 9:00 AM
39.456
43.889
48,522
53.054
57.587

Date:
3/31/2015 9:00 AM
39.456
43.989
43,522
53.054
57.587

(a) Hempcrete 1

(c) Hempcrete 3

Date:
3/31/2015 9:00 AM

39.456

43.889
48,522
53.054
57.587

(b) Hempcrete 2

(d) Hempcrete 4

Figure 5.17: Hempcrete behaviour - Date 31/3/2015 at 9:00.

Date:
3/31/2015 9:00 AM

39.456
43.989
48,522
53.054
57.587
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e Bathroom conditions: RH 73%, Temperature: 24.8 °C

* Bedroom conditions: RH 53%, Temperature: 17.5 °C

* Outdoor conditions: RH 69%, Temperature: 9.5 °C, precipitation: 0.4 (Driving rain)

Date:

3/31/2015 10:00 AM

41.363
47.536
53.708
50.880

66.052

Date:
3/31/2015 10:00 AM
41.363
47.536
53.708
50.880
66.052

72.225

(c) Hempcrete 3

Date:

3/31/2015 10:00 AM

41.363
47.536
53.708
59.880
66.053

(d) Hempcrete 4

Figure 5.18: Hempcrete behaviour - Date 31/3/2015 at 10:00.

Date:
3/31/2015 10:00 AM
41.363
47.536
53.708
59.880
66.052
72.225
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e Bathroom conditions: RH 75%, Temperature: 22 °C
* Bedroom conditions: RH 53%, Temperature: 17.4 °C

* Outdoor conditions: RH 66%, Temperature: 9.8 °C, precipitation: 0.3 (Driving rain)

Date:
3/31/2015 11:00 AM

Date:
3/31/2015 11:00 AM

41.018 41.018
47.226 47.226
53435 53.435
59.644 59.644
65.852 65.852

72.061

(a) Hempcrete 1 (b) Hempcrete 2

Date: HH Date:
3/31/2015 11:00 AM 1 3/31/2015 11:00 AM

4.018 N a.018

(c) Hempcrete 3 (d) Hempcrete 4

Figure 5.19: Hempcrete behaviour - Date 31/3/2015 at 11:00.
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e Bathroom conditions: RH 75%, Temperature: 21.2 °C
* Bedroom conditions: RH 53%, Temperature: 17.5 °C

* Outdoor conditions: RH 69%, Temperature: 9.2 °C, precipitation: 0.1 (Driving rain)

Date: Date:
3/31/2015 12:00 PM 3/31/2015 12:00 PM
40.749 0748
46,986 46,986
53.222 53.222
i 59.459 A 59.459
[ 65.697 ] 65.697

71934 71934

(a) Hempcrete 1 (b) Hempcrete 2

Date: H Date:
3/31/2015 12:00 PM i 3/31/2015 12:00 PM
i 40.748 H 40.749
n B 46.985 u
== 53207 = |
i i 59.459 i
65.696 I
71.933

(c) Hempcrete 3 (d) Hempcrete 4

Figure 5.20: Hempcrete behaviour - Date 31/3/2015 at 12:00.
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The different materials same thickness - 31/3/2015

¢ Bathroom conditions: RH 73%, Temperature: 24.8 °C

* Bedroom conditions: RH 53%, Temperature: 17.5 °C

¢ Outdoor conditions: RH 69%, Temperature: 9.5 °C, precipitation: 0.4 (Driving rain)

(a) Hempcrete 3

Figure 5.21: Comparison between materials (Same thickness) - Date 31/3/2015 at 10:00.

Date:
3/31/2015 10:00 AM
41.363
47.536
53.708
50.880
36.053
72225
78.397
34.569
30.742

3
36,914

Date:

3/31/2015 10:00 AM

37.353
13.0947
30.542
37.136
33.731
70.325
76.919
13514

o 1

(b) Sand Lime Bricks

e Bathroom conditions: RH 75%, Temperature: 22 °C

* Bedroom conditions: RH 53%, Temperature: 17.4 °C

(c) AAC

Date:
3/31/2015 10:00 AM
39.605
15.962
52.319

38.677

36.821

* Outdoor conditions: RH 66%, Temperature: 9.8 °C, precipitation: 0.3 (Driving rain)

(a) Hempcrete 3

Figure 5.22: Comparison between materials (Same thickness) - Date 31/3/2015 at 11:00.

Date:
3/31/2015 11:00 AM
11.018
47.226
53.435
35.644
55852
61

Date:

3/31/2015 11:00 AM

37137
13754
0371
36.988
33,606
70.223
76.840

(b) Sand Lime Bricks

|

(c) AAC

Date:
3/31/2015 11:00 AM

310326
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5.4.2. DETAIL 2

The four hempcrete options - 31/3/2015

e Bathroom conditions: RH 57%, Temperature: 19.9 °C
* Bedroom conditions: RH 53%, Temperature: 17.5 °C

* Qutdoor conditions: RH 75%, Temperature: 9.2 °C, precipitation: 0.2 (Driving rain)

N Drate: B Date:
I 3/31/2015 7:00 AM I 3/31/2015 7:00 AM
16,219 L 16,819
50.675 50.675
54,531 54,531
58.387 H 58387
62.243 M 62.243
i 66,009 i £6.000
H 59955 H £9.955
= 73.811 = 73.811
H 77,666 H 77,666
M 81,522 M 81,522
(= i —H Al i =
i~ i e e H --
TR )
i i e irme
T T
(a) Hempcrete 1 (b) Hempcrete 2
1 Date: BB Date:
M 3/31/2015 7:00 AM Il 3/31/2015 7:00 AM
16,819 16,819
50.675 50.675
54,531 54,531
58387 52387
62.243 62.243
1 66,009 T 66,000
= £9.955 = B £9.955
=E 73.811 == 73.811
s 77,666 i i 77,666
I 81,522 T 81,522
Fa 1 = = | L i
e et DR 22 1S =
il InN TiT ] AT,
W / | ii_i . W f-- A N P
17T T AT il
nr m "
17 T £l
1] L]
T == I
(c) Hempcrete 3 (d) Hempcrete 4

Figure 5.23: Hempcrete behaviour - Date 31/3/2015 at 7:00.
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e Bathroom conditions: RH 73%, Temperature: 24.8 °C

* Bedroom conditions: RH 53%, Temperature: 17.5 °C

* Outdoor conditions: RH 69%, Temperature: 9.5 °C, precipitation: 0.4 (Driving rain)

Date:
3/31/2015 10:00 AM
45.390
50.200
55.000
59.819
64.628

I = ] ’,— 2
N Ll dllhy
i i
LA N ~H q
(a) Hempcrete 1 (b) Hempcrete 2
| Date:
[ 3/31/2015 10:00 AM
45390
50.200
55.009
59.819
64.628
69.438
i ] EiaN
WIS i v
il N il [IBEAIRN | N
N i i i
i :
|
(c) Hempcrete 3 (d) Hempcrete 4

Figure 5.24: Hempcrete behaviour - Date 31/3/2015 at 10:00.

Date:
3/31/2015 10:00 AM

45.390

50.200

Date:
3/31/2015 10:00 AM
45.390
50.200
55.009

59.819
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* Bathroom conditions: RH 75%, Temperature: 22 °C

* Bedroom conditions: RH 53%, Temperature: 17.4 °C

* Outdoor conditions: RH 66%, Temperature: 9.8 °C, precipitation: 0.3 (Driving rain)

Date:
3/31/2015 11:00 AM
46.218
49.977
53.736

57.495

» g i 1 ~
1 o = I
AT . —H - R
AT [ M
H (A milig
(a) Hempcrete 1 (b) Hempcrete 2
N Date:
il 3/31/2015 11:00 AM
1 16.218
49.977
53.736
. 57.495
Tl 61.254
i §5.013
e
MR = .
H = =TT
M i (1
alily i 15 7
(c) Hempcrete 3 (d) Hempcrete 4

Figure 5.25: Hempcrete behaviour - Date 31/3/2015 at 11:00.

Date:
3/31/2015 11:00 AM
46.218
49.977
53.736

57.495

Date:
3/31/2015 11:00 AM

46.218
49.977
53.736
57.495
61.254
65.013
68.772
72,531
76.290
80.049
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The different materials same thickness - 31/3/2015

e Bathroom conditions: RH 57%, Temperature: 20.3 °C
* Bedroom conditions: RH 53%, Temperature: 17.4 °C

* Outdoor conditions: RH 69%, Temperature: 9.2 °C, precipitation: 0.1 (Driving rain)

Date: Date:

3/31/2015 3:00 AM 3/31/2015 %:00 AM
[43705 42085
[47336 | [45764
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54,568 | NEE
58.180 0 [ses01
61810 EEr
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T2.674 M 71516
76.295 H 519
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(a) Hempcrete 3 (b) Sand Lime Bricks
Date:
3/21/2015 3:00 AM
[44.713
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51.898
55401
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62677
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73455
77048
I
IR
0
(c) AAC

Figure 5.26: Comparison between materials (Same thickness) - Date 31/3/2015 at 9:00.
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e Bathroom conditions: RH 75%, Temperature: 21.2 °C
* Bedroom conditions: RH 53%, Temperature: 17.5 °C

* Outdoor conditions: RH 69%, Temperature: 9.2 °C, precipitation: 0.1 (Driving rain)

Date: Date:
3/31/2015 12:00 PM 3/31/2015 12:00 PM
46.095 43.280
48,423 47.253
52.752 51.225
56.081 55.198
59.410 59.170

= i U =
S wmal i —

= H i
2 %

IRIF S
4

(a) Hempcrete 3 (b) Sand Lime Bricks

Date:
3/31/2015 12:00 PM
45.087
48.620
52,153
55.685
59.218
62,751
66.283
69.816
73.349

(c) AAC

Figure 5.27: Comparison between materials (Same thickness) - Date 31/3/2015 at 12:00.
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6.1. THE SIMULATION INPUT

6.1.1. THE THERMAL BRIDGES

Thermal bridges play an important role in the energy efficiency of buildings and as a result
in order to derive realistic results their effect should be included in the energy simulation.
For this reason, the thermal bridges that are present in the house under scrutiny have been
identified. Thermal bridges that remain the same for the three design options, have a frac-
tional influence or are expected to be equal for the three design options have been omitted
from the simulation. The determination of the v factor, a factor which indicates the linear
thermal heat loss that is present at the junction of different materials, was necessary for
the incorporation of the thermal bridging effects in the simulation. For the conventional
SL design, the ISO-SBR-Woningbouw details have been used as a reference for the deter-
mination of the linear thermal transmittance factor (Figure: A.25). For the case of the AAC
and the hempcrete design, the factor was calculated by making use of the THERM software.
Eventually, the thermal bridges that have been simulated and the linear thermal transmit-
tance factors (y) are presented in Figure 6.1 and Table 6.4. The methodology followed is
presented below:

1. The thermal bridges were designed in Therm and the respective materials were as-
signed.

2. The Ufaeror of the indoor surface which was calculated by the software was used in
combination with the indoor surface length to define the total heat flow through the
section (Lp).

3. The ideal Ufqc1or of the section without the thermal bridge was calculated from the
total thermal resistance of the ideal section.

4. The y factor was derived by the formula:

w=Lp-U,x A (6.1)

Where:
U,: thermal transmittance in the ideal section.
A¢: the area of the ideal section.

At this point, it is worth noting how the effect of the timber beams was incorporated in the
energy simulation. The thickness of the timber beams was defined by the structural analy-
sis and was kept the same (at 150 mm) for the total number of the exterior beams. However,
due to the different loading it was not possible to keep the beams’ height the same with-
out overestimating the needed material. In order to simplify the input for the simulation,
a weighted average beam height was calculated by taking into account the beams’ length
at the facade. The respective height was calculated to be around 0.26 m. A beam with
the aforementioned dimensions was eventually used to simulate the thermal bridge at first
floor heightin Therm, the results of which were later incorporated in the energy simulation.
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In the cases of the two conventional designs, the configuration of the external walls (se-
quence and thickness of materials) does not change and as a result the thermal resistance
of the wall remains constant in the totality of the facade. In the hempcrete design however,
the hempcrete wall is interrupted by timber beams and columns. The latter, results in the
creation of parts on the building envelop with lower thermal performances, the effect of
which should be also considered in the energy simulation.

Firstly, the required thickness of the wall in order for the totality of the hempcrete facade
to meet the thermal resistance requirement (Rc>4.7 m? K/W) of the Dutch Building Decree
was calculated. The approach followed was the same as the one described in the Section
5.2.1 The Assessment factors, which can be found in the Dutch standard NTA 8800-2022.
For the calculation, the thickness of the timber columns and beams remained the same
(150 mm) as it had been already defined from the structural analysis. That made possible
to include the totality of the timber volume in an equivalent section (Section A) The equiv-
alent length on the facade for each of the two sections (Section with 15 cm of timber, and
monolithic Section with hempcrete) was measured and then the required wall thickness
was defined (Table 6.1 and Table 6.2). A hempcrete wall with the defined thickness was
designed in the Energy simulation. Adding manually the wall sections at the position of
each of the columns and beams was decided to be avoided to not overload the simulation.
As a result the thermal effect of the timber elements was taken into account by increasing
the thermal conductivity of the hempcrete in order to acquire a wall with the same thermal
resistance and thickness as of those calculated according to the Dutch standard (Table 6.3).

Material Thickness Length C(Hzﬁfgli%li ty Area rg?igiglile
(m) (m) (W/mK) (m?) (m2K/W)
Section a
Lime 0.01 4.31 0.700 0.043 0.01
Hempcrete 0.10 4.31 0.073 0.431 1.37
Spruce 0.15 4.31 0.090 0.647 1.67
Hempcrete 0.10 4.31 0.073 0.431 1.37
Lime 0.012 4.31 0.700 0.051 0.02
Total 0.372 4.31 -) 1.60 4.61*
Section b
Lime 0.01 34.51 0.700 0.345 0.01
Hempcrete 0.10 34.51 0.073 3.451 1.37
Hempcrete 0.15 34.51 0.073 5.176 2.05
Hempcrete 0.10 34.51 0.073 3.451 1.37
Lime 0.012 34.51 0.700 0.414 0.02
Total 0.372 34.51 (-) 12.83 5.00 *

- . * Including Rse, Ry
Table 6.1: Properties of the sections a and b. AEUAng Hse, Fsi
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j /1"]',' di//luji Ry Rpr Rt
1 0.70 0.01
2 0.073 1.37
3 0.075 2.00 4.95 4.94 4.8
4 0.073 1.37
5 0.7 0.02
Table 6.2: The final thermal resistance of the composite wall
Equivalent wall section
Material Thickness Thermal Conductivity Thermal resistance
(m) (W/mK) m?K/W)
Lime 0.01 0.700 0.01
Hempcrete 0.10 0.0734 4.77
Lime 0.012 0.700 0.02
Total 0.372 (-) 4.80
Table 6.3: Properties of the equivalent wall.
v values (W/mK)
Hempcrete AAC SL&FG
Corner Floor Roof Corner Floor Roof Corner Floor Roof
0.032 0.117 0.179 0.041 0.079 0.165 0.075 0.00 0.188

Table 6.4: The y values.
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AAC - Corner AAC - Intermediate floor AAC - Flat roof

IRTRTITRTR TR |
I )

Hempcrete - Intermediate floor Hempcrete - Flat roof

Hempcrete - Corner

Figure 6.1: The simulated thermal bridges.

6.1.2. THE SIMULATION INPUT

The geometry of the residence was imported in WUFI PLUS and the sections of the ele-
ments were defined for the three different designs with respect to the drawings that can be
found in the Annexes. An exception was made for the Flat roof, where section was simu-
lated as a conventional roof, and therefore the green roof layers were not included in the
simulation. The same climate data (For a typical year in the Netherlands) was used as in
the case of the 2D simulations. For the sake of consistency the same materials as the ones
used in the 2D simulation were also applied. For the case of hempcrete, the optimised
hempcrete option (H3gp) was applied.

Different thermal zones were defined for each of the rooms. Different schedules according
each time to the room’s type were assigned in order to simulate the residents behavior. For
the latter, the WUFI Plus library was used. In order to also include the effect of clothing,
for the comfort analysis, different levels of clo were attached depending each time on the
season of the year, (1 clo for winter, 0.7 clo for spring and autumn and 0.4 clo for sum-
mer). The unoccupied space next to the bathroom was simulated as an unheated space.
However, since in reality this room is occupied with the residence’s installations, a constant
heat source with a radiative heat flow of 100 W had been added .
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The residence does not make use of mechanical cooling for the summer. As a result no
cooling installations have been added to the model. To avoid overheating, blinds were en-
abled to close automatically when indoor temperature surpasses 25 °C. In addition, night
cooling during the summer months was also introduced by the means of natural venti-
lation. To do so, a schedule for natural ventilation was applied for the summer months.
Natural ventilation with a flow of 8 1/s was assumed to take place in all the occupied zones
during the summer from 20:00 h-10:00 h every day. The adequacy of this modeling method
for the representation of the ventilation was checked after the simulation was finished, by
checking the results of the total heating of the residence. No heating was required for the
months that the night cooling ventilation was applied (Start of June - End of August) which
means that the way that natural ventilation was modeled did not led to uncomfortable in-
door temperatures below the heating set points of the rooms (Figure -A.21).

For the heating of the house, a heat pump with a power of 5kW was added to the model.
The heat pump was combined with mechanical ventilation with heat recovery (0.90). The
heating capacity was divided to each room proportionally to its surface. For the heating
of rooms, the same temperature set point values as of the actual residence were used. The
temperature set points can be found in the Annexes (Figure -A.21). Nevertheless, the sched-
ules were adjusted lightly to correspond better to the occupancy schedules of the WUFI
profiles.

The residence is mechanically ventilated. The ventilation system’s capacity was set to the
minimum allowed by the Dutch Building Decree (0.9 1/s/m?). Then for each of the rooms,
the ventilation flow was again defined by the Dutch Building Decree according to the room’s

type.
* Living room: 0.7 1/s/m?
 Bedroom: 0.7 1/s/m?
* Bathroom: 14 1/s

e Kitchen: 211/s

The mechanical ventilation schedule was adjusted again to the occupancy schedules to
decrease energy losses when people are not in the house and CO2 control was also enabled
as an activation factor for all the rooms except the Bathroom, where humidity control was
selected.

Two simulations have been performed in order to get a broader idea on the energy perfor-
mances and the related differences of the materials. The first analysis included the thermal
bridges which have been described previously, whereas the second one excluded their ef-
fect. The first analysis, represents the design of the residence as it has been derived from the
current study, which had as an objective to only make use of the materials under scrutiny.
However, in reality, the effect of thermal bridging, can be decreased by applying locally
thermal insulation with higher performances. The second analyses, was based therefore
on the assumption that additional insulation means are used at the location of the thermal
bridges in an efficient way that alleviates the differences between the three design options.
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6.1.3. THE SIMULATION RESULTS

The simulation results for the three more frequently occupied rooms have been plotted.
The actual residence has an annual requirement for heating of around 24 kWh/m?. The
results of the simulations approach and the actual results of the simulated residence and

therefore are accepted as a realistic representation of the reality.

Figure 6.2: Results of WUFI Plus Analysis

AAC AAC
Heating 24.2 KWh/m2 Heating 22.42 KWh/m2
Bedroom  Bedroom first Bedroom  Bedroom first
ground floor floor Living room ground floor floor Living room
Max temp (C°) 27.5 29.9 32.8 Max temp (C°) 27.7 30.1 33.3
Mean temp (C°) 19.8 20.8 223 Mean temp (C°) 20 20.9 22.7
Min temp (C°) 12.6 13.6 17 Min temp (CO) 129 13.7 17
Max RH (%) 70.2 65 72.7 Max RH (%) 68.9 65 733
Mean RH (%) 51.7 49.1 48.4 Mean RH (%) 51 47.8 47.3
Min RH (%) 25.9 26.9 27 Min RH (%) 25.9 26.9 25.9
Hempcrete Hempcrete
Heating 24.9 KWh/m2| Heating 23.35 Kwh/m2
Bedroom  Bedroom first Bedroom  Bedroom first
ground floor floor Living room ground floor floor Living room
Max temp (C°) 27.6 29.5 32 Max temp (C°) 27.8 29.7 32.4
Mean temp (C°) 19.9 20.7 22.1 Mean temp (C°) 20.1 20.8 22.5
Min temp (C°) 13 13.8 17 Min temp (C°) 13.2 13.9 17
Max RH (%) 70.8 67.8 73.2 Max RH (%) 70.5 67.8 73
Mean RH (%) 52 48.6 48.7 Mean RH (%) 52.3 48.1 47.7
Min RH (%) 31.6 29.5 31.3 Min RH (%) 31.4 29.5 30.3
SL SL
Heating 23.9 KWh/m2| Heating 21.8 KWh/m2]
Bedroom  Bedroom first Bedroom  Bedroom first
ground floor floor Living room ground floor floor Living room
Max temp (C°) 27.5 28.8 30.1 Max temp (C°) 27.7 29 304
Mean temp (C°) 20.4 21 21.8 Mean temp (C°) 20.7 21.1 222
Min temp (C°) 14.4 15 17 Min temp (C°) 14.6 15 17
Max RH (%) 66.1 64.4 72.2 Max RH (%) 65.5 64.4 71.9
Mean RH (%) 48.1 47.2 50.3 Mean RH (%) 48.4 46.8 49.4
Min RH (%) 25.9 27.2 29.2 Min RH (%) 25.9 27.2 29.1
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Figure 6.3: Results of WUFI Plus Analysis - Indoor comfort with thermal bridges
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Figure 6.4: Results of WUFI Plus Analysis - Indoor comfort without thermal bridges
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The influence of the volumetric heat capacity can be observed in the results of the simula-
tion. For the case of SL and AAC designs, which are characterised by higher volumetric heat
capacity, the energy appears slightly decreased in comparison to the Hempcrete design for
both the analyses. The effect of the thermal bridging seems to influence more the SL de-
sign, which can be attributed to the thermal bridge which is present at the connection of
the flat roof. This thermal bridge is the one with the higher presence at the residence, and
for SL bricks has the highest linear transmittance factor in comparison to the other designs.

Volumetric heat capacity

* Cp,aac * p = 850 % 400 = 340 kJ/m>
* Cp,Hemperete * p= 1500 %405 =607.5 kJ/m>

* Cp,sr* p=850%1900=1615 kJ/m?

It is worth noticing here the differences between the AAC and the hempcrete design. The
volumetric heat capacity of the AAC per m? is significantly lower than the one of the hempcrete
design. In order for the AAC to deliver similar thermal and energy performances to those of
the Hempcrete design the AAC volume of material used reached in total 76.4 m3, whereas
the respective total volume of material used for the residence made of hempcrete was cal-
culated at 56.8 m3 (Table 7.8).

The comfort graphs (Figure 6.3, Figure 6.4) appear quite similar for the cases under scrutiny,
where the values belong towards the comfortable side. A slight better performance towards
the temperature threshold can be seen for the case of the SL brick design, where the tem-
perature values appear lower temperatures during the summer and slightly higher during
the winter. Hempcrete on the other hand, shows a better performance when it comes to
the case of the RH threshold, where more RH values appear to belong to the comfortable
RH range (40%-70%) in comparison to the conventional designs.

The aforementioned can be also detected in the indoor temperature (Figure 6.5) and RH
(Figure 6.6) graphs of the three rooms under scrutiny as they have been derived by WUFI-
plus simulation. The indoor operative temperature (in dark green colour) between the AAC
design and the hempcrete design does not differentiate in general, higher temperatures
however can be detected for the case of the AAC during the temperature peaks in the sum-
mer months in the case of the living room (due to its orientation) (Figure 6.4-living room).
When hempcrete is compared to the SL brick design, the SL performs slightly better, as the
operative temperature of the SL design appears to fluctuate less during the year. Never-
theless, the pattern and the minimum values of the indoor temperature during winter do
not in general differentiate considerably. A noticeable difference is observed for the case of
the living room, when the temperatures appear to be noticeably lower, due to the external
insulation (Figure 6.4-living room).

Hempcrete appears to perform better in terms of moisture regulation in all the rooms un-
der scrutiny. The latter is expressed by two main features (Figure 6.6).
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* The graph which accounts for hempcrete fluctuates less than these of the AAC and
SL during the year.

* The trend line of the hempcrete graph appears be be characterised by smoother in-
clinations.

This effect of better stabilised RH levels should not be overlooked. Moisture regulation
creates a feeling of indoor comfort to the residents even if lower or higher temperatures are
detected during winter and summer respectively. In addition, it is an important benefit in
designs that strive for stabilised indoor humidity levels.
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7.1. THE SYSTEM AND ITS BOUNDARIES

In order to be able to derive fair conclusions about the differences in the environmental
performances of the three different material designs, it is important to define the require-
ments that the design systems under scrutiny should be able to cover. These requirements,
define the type and the quantity of materials that are used and eventually determine the
unit factor of the environmental analyses.

The scope of this research was to compare a hempcrete designed residence with two con-
ventional Dutch construction designs. From an environmental perspective, this compar-
ison concerns the configuration of the walls since the rest of the building’s elements as
namely the floors, the roofs, the foundations and the openings remained the same for the
three design options and as a result were excluded from the LCA.

The differences in the performances of the materials regarding some critical for the build-
ings aspects as the structural strength, the thermal resistance and the acoustic insulation,
do not allow a monolithic direct comparison between them. On the contrary, they cre-
ate the necessity to construct performance based equal wall systems. This approach was
followed from the beginning of this graduation project and accounts also for the environ-
mental comparison. In the residence, the following three types of wall can be observed, for
each of the aforementioned types a critical factor that determined the wall thickness and
consequently the material usage was defined:

* Load bearing facade walls - Thermal resistance + structural stability
* Load bearing internal walls - Structural stability

* Non load bearing separation walls - Acoustic insulation

For the load bearing masonry cases (SL and AAC) the critical factors which influence the
wall’s strength the most are the nature of the mortar and the imposed deformations due to
settlements or dilatations combined with inappropriate detailing. The residence is already
constructed so the walls are assumed adequately designed with regard to these factors.
Since the residence is already designed additional use of materials is not needed to provide
additional compressive strength. Nevertheless, additional material improves the thermal
resistance of the wall which needs to cover the requirements of the Dutch building Decree,
as a result the latter is considered as the critical factor which determined the thickness of
the wall.

For the hempcrete construction on the other hand both the thermal resistance and the
structural strength defined the configuration of the facade. The timber structural frame
was designed to support the loads according to the Eurocode. The loads remained the
same as in the cases of the masonry systems. No assumptions were required for the per-
manent loads of the slabs which are transported to the frames, since they were taken from
the actual structural report of the residence. The critical structural verification for each
of the structural elements, defined their sections, more information on these verifications
can be found in the following section. The thickness of the infilling hempcrete was defined
according to the Dutch standard NTA 8800-2022, in order to cover the requirement of the
Dutch Building Decree for thermal resistance higher than 4.7 m? K/W, including the effect
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of the thermal bridges due to the structural timber frame inside the hempcrete wall. More
information on the calculation method can be found in the Section (4.2.1. The Assessement
Factors).

Placing the structural timber frame in between the hempcrete blocks, as it can been seen
in Figure(7.1) can provide some considerable advantages. The loads from the hempcrete
walls can directly be transported to the floors and then to the structural frame without
needing any additional supporting structure and brackets to connect the facade with the
structural system. That creates some financial advantages since it optimises the material
usage and the time needed for construction. In addition, the fire proofing properties of
hempcrete can be exploited and give to the hempcrete-timber wall system, some fire safe
performances comparable to those of SL and AAC, without the need of using plaster boards
for protection. Nevertheless, as it is already stated in previous chapters, it is important to
evaluate the risk of moisture for the confined wood. In addition, this construction method
creates some additional thermal bridges to the building envelop at the height of the 1st
floor and at the points where hempcrete is interrupted by the structural timber. These
thermal bridges need to be taken into account in the thermal resistance of the wall and in
the energy consumption simulation and therefore are presented in Section 6.
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Figure 7.1: The construction method.
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7.2. THE STRUCTURAL SYSTEM

A structural analysis defined the sections and amount of timber that is needed to support
the loads of the detached house. The dimensions of the sections were defined by the crit-
ical strength verification according to the structural element’s type. According to the later,
beams were checked to be able to withstand the imposed moment and shear whereas the
columns were checked to withstand flexural buckling.

Frame structural systems are more sensible to lateral loading (e.g. wind loads) in compar-
ison to masonry systems. In addition, timber constructions are prone to buckling and as a
result most of the time stability to lateral loading cannot be achieved only by increasing the
area section of the frames, a measure that eventually mainly contributes to the support of
the construction’s vertical loads. Additional means such as braces are needed to increase
the stiffness of the structure and ensure the stability of the system. Due to its low height
however, the house under scrutiny will not be subjected to high wind-loads, as a result the
amount of bracing that could be needed is expected to be very low to have a noticeable
impact on the LCA. Therefore, vertical loads were defined as the critical loading for the de-
termination of the material usage. As a result, the structure was subjected to vertical loads
which were applied according to the combinations which are described in the Eurocodes.
More information can be found in the Annexes.

Sawn spruce timber was selected as the structural timber for the design. This selection
was made for environmental reasons since sawn timber is subjected to lower treatment
in comparison to other timber products. Furthermore, spruce is highly available in Eu-
rope, so environmental emissions related to the transportation of the product are highly
attenuated. The environmental superiority of the solid timber in comparison to GLT how-
ever can be debated in some cases, since GLT is characterised by higher strength which
can lead to smaller sections. Nevertheless, due to the small scale of the project it was as-
sumed that the solid timber would be able to cover the strength requirements when higher
strength classes are used while maintaining similar to GLT sections. Since the difference in
the strength class does not affect the environmental emissions in timber products, spruce
could eventually perform environmentally better than the GLT.
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Figure 7.2: The structural system.

An optimisation on the structural system has an influence on the environmental perfor-
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mances since it minimises the material use. Structural optimisation is related to the prop-
erties of the material and the systems’ geometry. The required degree of static indetermi-
nacy plays a crucial role as it influences the distribution of internal loads in the system and
therefore the level of performance that the sections should be able to cover. Increasing the
degree of static indeterminacy can have both positive and negative results. Selecting rigid
connections between the elements, can partially relieve beams from high moments and
decrease the required section area, nevertheless it simultaneously creates imposed mo-
ments in columns, which can create a difference in the dimensions when the material is
susceptible to buckling.

Finding the most optimised structural system is a complex procedure that goes beyond
the scope of this research. Nevertheless, the aforementioned considerations regarding the
material capabilities were taken into account in order to design a structure that performs
well in terms of material exploitation. Timber is characterised by a moderate stiffness so
rigid connections between beams and columns cannot be achieved [1]. In addition due
to its sensitivity to buckling, hinges at the ground supports were selected to decrease its
buckling length. As a result of the aforementioned, the structural system depicted in Figure
(7.2) was designed.

In order to facilitate the building process it was decided to keep the same thickness in
the beams and columns. The thickness selected was 15 cm. That would allow 20 cm of
hempcrete insulation, so namely 10 cm around each side of the timber frame. It was as-
sumed that the different design options are have renderings with the similar environmental
impacts and thus the rendering was not taken into account in the LCA Analysis.
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7.3. THE EPDS

For the calculation of the environmental performances of the three design options, the
EPDs for the different materials have been collected. All the EPDs used have been drawn
according to the European standard EN 15804+A2 and include the effect of the packaging
too. The vast majority of the EPDs was a the type cradle to grave, with the exception of the
EPD used for the mortar adhesive (cradle to gate) between the blocks in the AAC and SL
designs. Since they have been drawn according to the same standard, the boundary con-
ditions, the criterion for the total or individual input flows and the calculation procedures
were analogous. However, due to the different nature of the materials some stages were not
taken into account in the some EPDs.

Consideration has been given to whether the transportation stages (A2, A4 and C2) should
be included in the comparison. The latter, aroused from the fact that different transporta-
tion scenarios (lorry type, distances, loading factor) can be taken into account in the EPDs.
The transportation information for stage A4 was present in the EPDs and therefore due to
some high differences in the transportation distances it was decided to be excluded from
the comparison. Regarding the stage C2, information on the transportation was difficult
to be derived for all the materials, however it was assumed that the waste center distance
is based on analogous scenarios and therefore was included in the comparison. When it
comes to stage A2, information on the transportation type and distance was again some-
times difficult to be derived for all the materials. In addition, the emission results were
given in an aggregated form for the whole stage in some of the EPDs. Nevertheless, since
the transportation of the raw material to the manufacturing site is highly connected with
the production site and therefore with the production scenario itself, A1 and A2 stages are
interconnected and cannot be taken into account separately. Hence, A2 was also included
in the comparison. The declaration of stage D has become compulsory according to the
EN-15804+A2. In this stage the benefits and expenses beyond the system’s limits are ex-
pressed. Such benefits can be the energy generation from biomass, which is an important
asset of biobased materials when compared to conventional materials, therefore this stage
is also included in the LCA.

Some stages are optional and hence were not included in some of the EPDs. These stages
were the stages in level B (Use phase) and the stage A5 (Installation). As a result consider-
ation was also given to whether they should be included in the comparison. The different
end uses which accounted for some materials as the sawn timber has been one reason.
However, carbonisation of lime is an important advantage of the Sand-lime blocks and the
hempcrete blocks which takes place in Level B. As a result it was decided to include Level
B in the comparison. In order to do so, it was assumed that no maintenance, water use or
energy is required during the life time of the different wall designs. Hence, zero emissions
were assigned to the rest of materials (except hempcrete and SL) during the whole B Level.
Installation (A5) emissions were not available in the case of AAC and the spruce. Since
the AAC blocks have similar density and installation procedure as those of the hempcrete
blocks, an assumption was made that the emissions which account for the stage A5 of the
AAC design are the same as those of the hempcrete wall when it comes to 1m? of masonry.
For the case of the spruce it was initially considered to increase the the final emissions re-
lated to stage A5 of the hempcrete design by the percentage of timber’s presence on the
selected unit factors. However, the results showed that the emissions related to A5 are only
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fractional and thus such implementation would not eventually have influenced the results.
All the aforementioned information is depicted in Figure 7.3. More information on the
EPDs can be found in the Annexes.
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Figure 7.3: The features of the LCA stages.
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7.4. THE UNIT FACTORS

The critical aspects that eventually formed the unit factors for each of the different designs
have been explained in Section 7.1. For the facade walls, apart from meeting the structural
requirements, the assemblies were designed to have a thermal resistance R.= 4.80 m? K/W.
Regarding the internal loadbearing walls, they have been designed to cover the structural
requirements as already explained in the previous sections of this chapter. The separation
walls were designed to be able to deliver an acoustic insulation of R,,= 37 dB. Eventually, all
the aforementioned led to the creation of walls with the following thicknesses:

Thickness of walls (m) (excluding renderings)

Type of wall Hempcrete AAC blocks SL b.HCkS with FG
insulation
Facade 0.35 0.48 0.15 & 0.16 (SL/FG)
Internal load bearing 0.075 0.165* 0.158 *
walls
Separation walls 0.075 0.10 0.07

* The conventional load bearing walls have different thicknesses in the residence under scrutiny, hereby the weighted value is presented

Table 7.1: The thickness of the walls.

In order to derive a wider image on the differences of the walls’ environmental perfor-
mances apart from calculating the environmental emissions on a whole building level, it
was decided to also estimate the difference in a unit factor level. Therefore, unit factors of
1 m? of wall for each type of walls (facade, separation, internal loadbearing) were created.
This procedure was quite straight forward for the case of the conventional materials, where
the configuration of the assembly remained the same in the totality of the wall and thus
allowed a unit factor of 1 m? with a thickness respective to the wall’s type to (true thickness
for Facade & separation walls, and weighted thickness for the loadbearing internal walls)
be considered. However, for the case of the hybrid hempcrete walls a different approach
was followed.

Comparable unit factors should be able to deliver the same performances in the aspects
under scrutiny. As a result in the case of the loadbearing hempcrete walls, it is important
to identify the amount of timber which needs to be included in order to deliver a wall unit
with equivalent structural properties as those of the conventional loadbearing masonry de-
signs. The amount of structural timber in the residence had been defined by the structural
analysis. Additional timber was included for the support of the windows and doors, since
in general hempcrete is a non load bearing material. However, the structural analysis and
the differences in the presence of windows led to a different percentage of timber on the
different oriented building facades. Therefore, two different approaches were followed to
deliver a unit factor that better represents the case study.

For the first approach (M1), the amount of timber which accounted for the timber studs,
columns and beams was measured separately on each of the four facade orientation parts
and the respective percentage of timber for each facade part and element (studs, columns,
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beams) was found. The average percentages for the presence of studs, columns and beams
were calculated. Then, the timber presence in the unit factor was assumed to be equivalent
to the sum of the averages percentages of the elements. This approach was considered to
deliver better fit unit factors in buildings with different proportions of timber on the facade,
since the difference between the actual amount of timber on a facade part and the esti-
mated one can be decreased. However, according to this method an over/underestimation
of the total environmental emissions can occur.

For the second approach (M2) the percentage of timber’s presence in the unit factor was
assumed to be equivalent to the one of the whole building envelop. The emissions which
account for the facade of the residence were calculated by multiplying the equivalent tim-
ber and hempcrete emissions with the respective volumes. Then the calculated emissions
were then assigned to each of the facade parts proportionally to their surface. The second
approach does not lead to an over/underestimation of the total environmental emissions
of the building. Nevertheless, it can lead to higher differences between the actual emissions
in a facade part and the estimated by the unit factor ones, since in this case the timber is
assumed to be evenly spread on the whole facade, which is not a good representation of
reality in some cases. According to the aforementioned, this approach was considered to
better apply on buildings which are characterised by a more balanced distribution of tim-
ber on the facade.

The final environmental emissions for the four different oriented parts (W1, W2, W3, W4)
were estimated by the two methods described above and the results were compared to
the actual environmental emissions of the facade parts in order to find the overestima-
tion/underestimation percentage in each case. The results showed that the second method
(M2) was more appropriate for the current case study, since the differences from the actual
emissions appear to be decreased in comparison to the respective differences of method
1 for the vast majority of the orientations. The percentage of timber on three out of four
facade orientations was found to be quite evenly shared, which supports the considera-
tion about the appropriateness of this method for facades with a balanced distribution of
timber. An small exception appears when it comes to facade W4, where the first method
seems to be slightly more appropriate, due to to differentiation of timber presence in com-
parison to the rest facade parts. However, since the differences between the two methods
for W2 were only small, it was considered acceptable to use method M2 for the creation of
the hempcrete’s facade unit factor.For the formation of the unit factor of the separation and
internal load bearing walls the same method as in the case of the facade was followed. The
characteristics of the compared unit factors are presented in Table 7.3.

\

Figure 7.4: The facade orientation parts (Front and Back view).
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-0.40%
-0.45%

M2
Al
10.74%
-0.56%
1.95%
1.89%
-0.34%
-0.52%
-0.39%
-0.54%
-0.49%
0.22%
1.19%
-0.42%
-0.47%

M2
Al
-28.80%
1.49%
-5.24%
-5.06%
0.90%
1.40%
1.04%
1.45%
1.32%
-0.58%
-3.20%
1.13%
1.26%

M1
A2
-0.35%
-0.36%
2.71%
10.78%
-0.96%
-0.35%
1.85%
-0.14%
-0.13%
-0.39%
0.01%
-0.39%
-3.81%

M1
A2
-0.42%
-0.43%
3.21%

12.61%
-1.15%
-0.42%
2.20%

-0.16%
-0.15%
-0.46%
0.01%

-0.46%
-4.58%

M1
A2
-0.43%
-0.44%
3.30%
12.90%
-1.19%
-0.43%
2.26%
-0.17%
-0.15%
-0.47%
0.01%
-0.48%
-4.71%

M1
A2
0.43%
0.43%
-3.50%
-17.21%
1.15%
0.42%
-2.34%
0.17%
0.15%
0.47%
-0.01%
0.47%
4.27%

M2
A2
-0.15%
-0.16%
1.18%
4.72%
-0.42%
-0.15%
0.81%
-0.06%
-0.05%
-0.17%
0.00%
-0.17%
-1.67%

A2
-0.22%
-0.23%
1.73%
7.14%
-0.61%
-0.22%
1.18%
-0.09%
-0.08%
-0.24%
0.01%
-0.24%
-2.37%

A2
-0.23%
-0.24%

1.82%
7.50%
-0.64%
-0.23%
1.24%
-0.09%
-0.08%
-0.26%
0.01%
-0.26%
-2.49%

M2
A2
0.63%
0.64%
-4.87%
-20.11%
1.71%
0.62%
-3.31%
0.24%
0.22%
0.69%
-0.02%
0.69%
6.66%

M1
A3
-1.02%
-1.06%
-0.97%
-0.34%
-0.91%
0.19%
2.23%
0.97%
0.70%
0.59%
-0.71%
0.35%
-0.15%

M1
A3
-1.22%
-1.27%
-1.15%
-0.40%
-1.09%
0.23%
2.65%
1.16%
0.83%
0.70%
-0.85%
0.41%
-0.17%

M1
A3
-1.25%
-1.30%
-1.19%
-0.41%
-1.11%
0.24%
2.71%
1.19%
0.86%
0.72%
-0.87%
0.42%
-0.18%

M1
A3
1.21%
1.26%
1.15%
0.41%
1.08%
-0.24%
-2.84%
-1.20%
-0.86%
-0.72%
0.85%
-0.42%
0.18%

M2
A3
-0.45%
-0.46%
-0.42%
-0.15%
-0.40%
0.08%
0.97%
0.42%
0.31%
0.26%
-0.31%
0.15%
-0.06%

A3
-0.64%
-0.66%
-0.61%
-0.21%
-0.57%
0.12%
1.42%
0.61%
0.44%
0.37%
-0.45%
0.22%
-0.09%

A3
-0.67%
-0.70%
-0.64%
-0.22%
-0.60%
0.13%
1.49%
0.65%
0.47%
0.39%
-0.47%
0.23%
-0.10%

M2
A3
1.80%
1.87%
1.71%
0.60%
1.61%
-0.34%
-3.99%
-1.73%
-1.25%
-1.04%
1.26%
-0.62%
0.26%

M1
AS
-0.88%
-0.83%
-0.96%
-0.95%
-0.96%
-0.96%
-0.96%
-0.96%
-0.96%
-0.96%
-0.96%
-0.96%
-0.80%

M1
AS
-1.05%
-0.99%
-1.15%
-1.14%
-1.15%
-1.15%
-1.15%
-1.15%
-1.15%
-1.15%
-1.15%
-1.15%
-0.96%

M1
AS
-1.08%
-1.02%
-1.18%
-1.17%
-1.19%
-1.18%
-1.18%
-1.18%
-1.18%
-1.18%
-1.18%
-1.18%
-0.99%

M1
AS
1.05%
0.99%
1.15%
1.14%
1.15%
1.14%
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1.14%
0.96%
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-0.42%
-0.42%
-0.42%
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-0.42%
-0.42%
-0.42%
-0.42%
-0.42%
-0.35%

A5
-0.55%
-0.52%
-0.61%
-0.60%
-0.61%
-0.60%
-0.61%
-0.61%
-0.60%
-0.60%
-0.61%
-0.60%
-0.51%

A5
-0.58%
-0.55%
-0.64%
-0.63%
-0.64%
-0.63%
-0.64%
-0.64%
-0.63%
-0.63%
-0.64%
-0.63%
-0.53%

M2
A5
1.56%
1.47%
1.71%
1.69%
1.71%
1.70%
1.71%
1.70%
1.70%
1.70%
1.71%
1.70%
1.42%

-0.96%
-0.96%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%

-1.15%
-1.15%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%

-1.19%
-1.19%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%

w4

1.15%
1.15%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%

-0.42%
-0.42%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%

-0.61%
-0.61%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%

-0.64%
-0.64%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%

1.71%
1.71%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%

-0.70%
-0.71%
1.08%
9.95%
-0.96%
-0.85%
0.09%
-0.84%
-0.84%
-0.85%
-0.91%
-0.73%
0.01%

-0.84%
-0.84%
1.28%

11.65%
-1.15%
-1.01%
0.11%

-1.01%
-1.01%
-1.02%
-1.09%
-0.87%
0.01%

-0.86%
-0.87%
1.32%
11.92%
-1.19%
-1.04%
0.12%
-1.03%
-1.03%
-1.04%
-1.11%
-0.89%
0.01%

0.84%
0.84%
-1.34%
-15.50%
1.15%
1.01%
-0.12%
1.00%
1.00%
1.01%
1.08%
0.87%
-0.01%

-0.31%
-0.31%
0.47%
4.35%
-0.42%
-0.37%
0.04%
-0.37%
-0.37%
-0.37%
-0.40%
-0.32%
0.01%

-0.44%
-0.44%
0.68%
6.57%
-0.61%
-0.53%
0.06%
-0.53%
-0.53%
-0.53%
-0.57%
-0.46%
0.01%

-0.46%
-0.47%
0.72%
6.89%
-0.64%
-0.56%
0.06%
-0.56%
-0.56%
-0.56%
-0.60%
-0.48%
0.01%

1.25%
1.25%
-1.92%
-18.49%
1.71%
1.50%
-0.17%
1.49%
1.49%
1.51%
1.61%
1.29%
-0.02%

0.63%
0.62%
5.82%
10.96%
-0.96%
0.54%
4.77%
1.06%
1.10%
0.44%
1.51%
0.52%
-15.34%

0.76%
0.74%
6.87%
12.81%
-1.15%
0.64%
5.64%
1.26%
1.31%
0.53%
1.80%
0.62%
-18.88%

0.77%
0.76%
7.04%
13.11%
-1.19%
0.66%
5.79%
1.29%
1.34%
0.54%
1.85%
0.63%
-19.47%

-0.78%
-0.76%
-8.12%
-17.59%
1.15%
-0.66%
-6.48%
-1.31%
-1.37%
-0.55%
-1.90%
-0.63%
13.92%

0.28%
0.27%
2.55%
4.80%
-0.42%
0.23%
2.09%
0.46%
0.48%
0.19%
0.66%
0.23%
-6.72%

0.40%
0.39%
3.77%
7.27%
-0.61%
0.34%
3.08%
0.67%
0.70%
0.28%
0.96%
0.33%
-9.08%

0.42%
0.41%
3.96%
7.63%
-0.64%
0.36%
3.23%
0.70%
0.73%
0.30%
1.01%
0.34%
-9.53%

-1.13%
-1.10%
-10.62%
-20.46%
1.71%
-0.96%
-8.66%
-1.89%
-1.96%
-0.79%
-2.71%
-0.92%
25.56%

10.93%
6.51%
11.05%
2.75%
-0.96%
6.72%
3.66%
5.90%
6.70%
5.60%
2.95%
5.40%
10.96%

12.78%
7.67%
12.92%
3.27%
-1.15%
7.91%
4.33%
6.96%
7.89%
6.61%
3.50%
6.38%
12.81%

13.07%
7.86%
13.21%
3.35%
-1.18%
8.11%
4.44%
7.13%
8.09%
6.78%
3.59%
6.54%
13.10%

-17.52%
-9.24%
-17.78%
-3.56%
1.15%
-9.59%
-4.84%
-8.24%
-9.56%
-7.77%
-3.83%
-7.46%
-17.58%

4.78%
2.85%
4.84%
1.20%
-0.42%
2.94%
1.60%
2.58%
2.93%
2.45%
1.29%
2.36%
4.80%

7.25%
4.23%
7.33%
1.76%
-0.61%
4.37%
2.35%
3.82%
4.36%
3.62%
1.89%
3.49%
7.27%

7.61%
4.44%
7.70%
1.85%
-0.64%
4.59%
2.46%
4.01%
4.58%
3.81%
1.98%
3.67%
7.63%

-20.40%
-11.91%
-20.64%
-4.95%
1.71%
-12.30%
-6.61%
-10.76%
-12.27%
-10.20%
-5.31%
-9.83%
-20.46%

Figure 7.5: Formation of the UF - The over/underestimation of emissions per surface and method.
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Timber percentages (%)

W1 w2 W3 w4
Percentage on facade 8.03 % 8.20 % 8.23 % 6.06%
Per‘fgﬂlﬁg;sfor 1.90 % 2.18% 2.02% 1.06%
Percentage for beams 4.22% 3.24% 441 % 3.51%
Percentage for studs 1.91 % 2.78% 1.80 % 0.95%

M1 - Average per timber element type(%)

Columns Beams Studs

3.85% 1.81 % 1.48 %

M1 - Mean timber percentage on the facade parts (%)

M2 - Timber percentage on the facade (%)

7.14 %

7.64 %

Table 7.2: Timber percentages on each facade parts.

Surface Thickness Features
2 7.64% 1 92.36 %
Facade 1m 0.35m (Timb./Hemper.)
. 2 8.54% / 91.46 %
Hempcrete Separation 1m 0.075m (Timb.*/Hempcr.)
. 2 30.20*% / 69.80 %
Internal loadbearing 1m 0.075m (Timb./Hempcr.)
Facade 1 m?2 0.31m Ol?gglj%ifgm (
Sand lime bricks Separation 1 m? 0.07 m SL**
ET3 5
Internal loadbearing 1 m? 0.158 m SL (anghted
mean thickness)
Facade 1 m? 0.48 m AAC **
AAC Separation 1 m? 0.10m AAC **
kK _ i
Internal loadbearing 1 m? 0.165m Alf‘lgan tl‘fi/slignlgsesd

Table 7.3: Compared unit factors.

*Timber for studs around doors
**98.2% Block & 1.8 % Mortar
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7.5. THE BIOGENIC CARBON STORAGE AND THE POTENTIAL OF
BIOBASED MATERIALS

Plants have the ability to store CO, during their lifetime. This CO, storage is part of the
biogenic terrestrial carbon cycle and can be proven beneficial for the reduction of the green
house gas emissions.

In more detail, the global carbon cycle is characterised by its carbon pools and fluxes.
Among others, which include the earth crust (c.100,000,000 Pg C), the fossil fuels (c. 4000
Pg C), the oceans (c. 38,000 Pg C), the atmosphere (c. 750 Pg C) and the soils (c. 1500 Pg
C), biomass (c. 560 Pg C) is also part of the earth’s pools. Through different processes car-
bon travels from one pool to another which sometimes can cause imbalances in the terres-
trial systems as for example in the case of global warming (atmosphere) and acidification
(oceans). The carbon which is stored in biomass is characterised by the term biogenic car-
bon. Biogenic carbon is stored in plants through the process of photosynthesis, however
it can eventually move to a different carbon pool by two main mechanisms: the respira-
tion and the degradation of the biomass. In comparison to the other types of carbon as for
instance the fossils, biogenic carbon is characterised by a significantly lower carbon cycle
and therefore can be an efficient means for carbon sequestration [2].

This aspect of the biogenic carbon has been noticed by the modern scientific community
and steps towards the exploitation of the advantages that offers have been already taken. A
recent example is the introduction of the Biogenic Global Warming Potential in the LCA re-
lated European standards (EN15804+A2, EN 15978:2021). The initiative behind these steps
is to increase the low carbon sequestration potential of the biomass and soils, which can
be done by the introduction of the bio energy in the carbon cycle. Such introduction has
the ability to increase the biogenic carbon storage potential, decrease the GHG emissions
originated by fossils and limit the carbon losses from soil due to land use changes (LUC)
[2]. Bio-based construction materials after their lifetime can be used to substitute fossils
for the generation of heat and electricity. This advantage can be taken into account in stage
D of the LCA analysis.

The biogenic carbon storage was taken into account in the biobased hempcrete design.
For the hempcrete blocks, the carbon content in a unit factor equal to the one of the case
study facade was calculated with respect to the information provided by the EPD. The main
features are presented below:

* The biogenic carbon which is stored in the shiv during the cultivation of the hemp, is
estimated to 0.47 kg C per Kg of dry hemp. The humidity in the material is estimated
at approximately 12%, thus for 1 kg of hemp shiv, the remaining dry material includes
88% *0.47 Kg C=0.4136 kg C/kg of hemp shiv.

* For the carbon conversion to CO», the Carbon content is multiplied by the molar
ratio of the two components (44/12=3.667). Thus, C= 0.4136 kg C/kg of hemp ->
0.4136 * 3.667 = 1.517 kg CO2/kg of hemp shiv (at 88% dry material).

* With similar composition’s proportions, 1 UF of 35 cm contains 33.3 kg of hemp shiyv,
which is translated to:
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—13.73kg C/UF
—50.52kg CO,/UF

* However in a UF of 35 cm only the 92.36% accounts for hempcrete, since the rest is
timber. Therefore eventually:
— 13.73%0.92 =12.68kg C/UF
— 50.52 % 0.92 = 46.48kg CO,/UF (taken into account in stage Al - Biogenic-GWP)

* Itis considered that the total of carbon storage in hempcrete eventually decomposes
and is released in the atmosphere in the form of GHG emissions (stage C4 - Biogenic-
GWP) . For the bio-gas potential, only 15% of shiv is assumed to be decomposed after
land-filling, 50% in the form of CO, and 50% in the form of methane. A proportion
of 70% of bio-gas (30% losses), is captured in a co-generation unit and eventually is
being converted to electricity and heat (module D).

— 22.90 x 0.92 = 21.16 MJ/UF (electricity)
— 40.01 * 0.92 = 36.95 MJ/UF(heating)

* The part of the packaging, namely the wooden pallets and the protection corner pieces of
the blocks, includes biogenic carbon which is also taken into account in the calculation and
accounts for 3.695 kg C/UF ->13.55 kg CO,/UF (taken into account in stage A3 - Biogenic-
GWP). After use the pallets are partly re-used, recycled, and incinerated (taken into account
in stage A5 and D - Biogenic-GWP).

Regarding the wooden part of the unit factor the carbon storage is calculated as shown be-
low. The packaging of the material does not contain any biogenic content.

* The biogenic carbon which is stored in 1 m® of spruce is 212 KgC. Again for the car-
bon conversion to CO,, the Carbon content is multiplied by the molar ratio of the two
components (44/12=3.667).

— C=212kg C/m? of spruce -> 212 *3.667 = 777.4 kg CO,/m3 of spruce

« Eventually the carbon content for a unit factor of 0.35 m® with a 7.64% presence of
timber:

— 777.4kg CO,/m3 *0.35 *0.076 = 20.70 kg CO,/UF

* Incineration is concerned as a waste treatment scenario (stage C3). The energy gain
related to the timber proportion for heating and electricity per UF of facade is:
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— 36.18 MJ/UF (electricity)
— 64.9 MJ/UF (heating)

Eventually the total carbon storage and energy gain of the UF of the biobased facade (exl.
packaging) is calculated at:

— 46.48+20.70=67.18 kg CO»/UF
— 21.16 +36.18 = 57.34 MJ/UF (electricity)
— 36.95+64.9 =101.8 MJ/UF (heating)

7.6. THE CARBONISATION OF THE LIME

As it has been already stated in the Literature review, hempcrete and sand lime bricks have
the ability to store CO; during their life time through the process of the carbonisation. This
ability is also taken into account in the EPDs.

The carbonisation potential of hempcrete

The amount of the CO, capturing by this process is strongly related to the presence of cal-
cium oxide in the binder, as it is the result of reaction of the carbon dioxide which is present
in the atmosphere with the calcium hydroxide (Ca(OH),) which is contained in the aerial
lime and the natural cement of the hempcrete wall. The equation of this reaction is de-
scribed below:

Ca(OH)2+C0O2 — CaCO3 + H,0O (7.1)

According to the Formula (7.1), 1 kmol of Ca(OH), (74.09 kg/kmol) sequestrates 1 kmol of
CO, (44.01 kg/kmol).

The carbonisation lasts from three to five years, it is a non linear process which allows the
majority of CO, to be sequestrated during the first months after the production of the mate-
rial. For 35 cm blocks, the same approach as in the EPD has been followed. It was estimated
that around 60% of sequestration takes place during the first 2 months after production
and the rest sequestration potential in a five year period after that. The configuration of the
hemp network and the high porosity of the material, allows the air to circulate within the
hempcrete blocks. The later makes almost the entire amount of the lime available to car-
bonisation (80-90%). In the relevant EPD, a carbonisation potential of 90% was indicated.
According to the aforementioned the sequestration due to carbonisation for the UF was
calculated to:

- 19.08 kg CO,/UF in stage A3 (Factory gate)
- 12.63 Kg CO,/UF in stage B1 (Use Phase)
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However due to the substitution of hempcrete by an amount of timber the carbonisation
potential must be accordingly converted:

-19.08 *0.92 = 17.62 kg CO»/UF —in stage A3 (Factory gate)
—12.63%0.92=11.66KgC0O,/UF —in stage B1 (Use Phase)

The carbonisation potential of the SL bricks

Again for carbonisation potential of the SL bricks the estimation approach as the one pre-
sented in the perspective EPD was used.

-90.25 kg CO»/m?® — 13.54kg CO,/UF — instage B1 (Use Phase)
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7.7. THE ENVIRONMENTAL PERFORMANCES OF THE MATERIALS

In order to acquire a wider image on how each material contributes to the environmental
performance of the composite sections under scrutiny, the following bar charts with the
breakdown of the environmental emissions per material, environmental category and LC
stage were constructed.

According to Figure 7.9, some patterns related to the nature of the materials and the en-
vironmental impacts can be detected. In general masonry materials appear to have the
highest environmental impact in the majority of the categories under scrutiny. An excep-
tion can be observed in the categories of GWP-Luluc and WDP (Water depletion potential)
where timber and FG insulation respectively are characterised by a significantly high envi-
ronmental impact. As expected, bio-based materials show higher benefits in stage D, due to
the their biogenic carbon storage, which allows some further exploitation for energy gener-
ation after their life time. For all the materials under scrutiny, the production stages A1-A3,
account for the higher environmental impact in all the categories under examination.

The activities that are required for the mining of raw materials (Sand in SL and AAC blocks)
and the production of the binder (cement/lime) for the masonry blocks, are known to be
energy consuming and demand high levels of fossil fuel combustion. The latter is reflected
on the high scores’ of the masonry materials in the categories of GWP-Fossil and ADP-
fossil fuels combustibles, which are related to the environmental impacts originated by the
degradation or transformation of fossil fuels. The production of lime binder is less energy
intensive than that of the cement since lime can be produced in lower temperatures than
cement. Hempcrete, in terms of energy combustion combines the advantages of the lime
binder and its natural aggregate (hemp) which results to the lowest environmental impact
between the masonry materials in these two aforementioned categories. The environmen-
tal impact of hempcrete in these categories is further decreased when biogenic carbon is
taken into account as a substitution of fossil carbon (stage D).

AP EP - Land EP - Sea

1% 1%

Al mA2 =A3 = Al =A2 =A3 = Al =A2 =A3

Figure 7.6: Proportional contribution of sub-stages A1-A3 in the total product stage of hempcrete for the
impact categories of sea and land eutrophication and acidification .
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Hempcrete performs better than the conventional masonry materials in the majority of the
environmental categories. Apart from the impact categories of the GWP-Fossil and ADP
combustibles, hempcrete exhibits exceptional performances in comparison to the rest ma-
terials in the impact categories of ADP Elements and GWP Luluc. ADP-elements category
reflects the environmental costs which are related to the extraction of minerals, which for
the case of hempcrete and timber remain limited due to their biobased nature. Regarding
the environmental impact category of GWP Luluc, even though hempcrete is a biobased
material, which are known to have high contribution in this category, its impact remains
considerably lower in comparison to the majority of the material under examination (excl.
FG Insulation). According to the bar charts (Figure 7.9), the use of timber in the UF is ex-
pected to increase the environmental impact in the categories of GWP Luluc and ADP-
elements.

Nevertheless, hempcrete appears to be characterised by lower performances in the envi-
ronmental categories of AP (Acidification potential), EP - Seawater (eutrophication poten-
tial), EP land (eutrophication potential) and ODP (ozone layer depletion potential). For the
measurement of the impact levels in both the aforementioned eutrophication categories,
nitrogen levels are taken into account. The cultivation of industrial hemp is known to be
dependent on nitrogen fertilization, which has a positive influence on important factors as
the biomass yield, the height of the plant and the stem’s and inflorescence weight [3]. Ac-
cording to studies, in the case of hemp, fertilizers can be responsible for around 90% of the
environmental impact detected in the eutrophication category [4], a feature which could
be responsible for the hempcrete’s results in the respective category. Nitrogen based fer-
tilizers can also be the main reason behind the high environmental impact in the category
of acidification, as nitrogen has a higher influence on the soil’s pH in comparison to other
types of nutrients [5]. It is worth mentioning here that for the aforementioned categories
of eutrophication and acidification, stage Al (raw material supply) accounts for a signifi-
cantly high proportion (> 90%), a feature that can also be an indicator for the contribution
of the fertilizers in the environmental results (Figure 7.6).

OoDP

3%

mAl mA2 =mA3

Figure 7.7: Proportional contribution of sub-stages A1-A3 in the total product stage of hempcrete for the
impact category of ozone depletion .
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Regarding the ozone depletion (ODP), higher impact levels of hempcrete in comparison
to conventional materials as AAC, have been also detected in other studies , nevertheless
the reason behind it remains unclear [6]. In this case, sub-stage Al accounts for a lower
percentage in comparison to the aforementioned eutrophication and acidification cate-
gories (66%) and the sub-stage A2 (Transportation) accounts for a noticeable proportion
too (31%).
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Figure 7.8: The environmental impact of 1 m® - Comparison between the materials under scrutiny.
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Figure 7.9: The environmental impact of 1 m® - Comparison between the materials under scrutiny.
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7.8. THE ENVIRONMENTAL RESULTS PER UNIT FACTOR
7.8.1. THE FACADE

The environmental impact of the facade’s UF was calculated for the assemblies under scrutiny.
The results are presented in total in Table 7.4 and in aggregated form per stage in Figures
7.10-7.11. For the sake of brevity the term Hempcrete is used for the hybrid Hempcrete-
Timber facade, and the term SL for the hybrid Sand-lime and Fiberglass facade.

Assembly Hempcrete SL& FG AAC
Impact category Excl. stage | Incl. stage | Excl. stage | Incl. stage | Excl. stage | Incl. stage
GWPFossil |  (kgCO2eq/UF) | 3.81E+01 | 2.48E+01 | 4.54E+01 | 4.47E+01 | 9.79E+01 | 9.63 E+01
GWP
pawp (kgCO2eq/UF) | -9.54E+00 | -6.21E-02 | 7.98E-01 | 7.88E-01 | 3.25E+00 | 3.25E+00
iogenic
GWPluluc | (kg CO2 eq/UF) 467E-02 | 3.84E-02 | 635E-02 | 6.29E-02 | 3.19E-01 | 3.19E-01
ODP (kg CEC11 eq/UF) | 5.16E-06 | 4.33E-06 | 147E-06 | 1.40E-06 | 7.21E-06 | 6.66E-06
AP (mol H+eq/UF) 356E-01 | 3.31E-01 | 1.61E-01 | 1.60E-01 | 2.61E-01 | 247E-01
EP Fresh (kg P eq/UF) 433E-03 | 4.19E-03 | 244E-03 | 244E-03 | 875E-03 | 8.73E-03
(kg PO4 eq/UF) © © 334E-04 | 3.27E-04 ) )
EP Sea kg N eq/UF E E E E E E
e (kg N eq/UF) 155E-01 | 147E-01 | 278E-02 | 2.75E-02 | 647E-02 | 6.0E-02
EP Land (mol N eq/UF) 127E-00 | 1.20E-00 | 555B-01 | 553E-01 | 7.93E-01 | 7.42E-01
POCP (kg NMVOC eq/UF) | 145E-01 | 1.24E-01 | 9.96E-02 | 9.89E-02 | 2.07E-01 | 1.92E-01
ADP (kg Sb eq/UF) 9.21E-06 | 6.06E-06 | 7.79E-05 | 7.58E-05 | 8.33E-04 | 8.1E-04
Elements
i (MJ/UF) 475E+02 | 220E+02 | 5.46E+02 | 531E+02 | 6.87E+02 | 6.49 E+02
WDP (m3 water/UF) 7.42 E+00 6.40 E+00 9.32E+03 9.00 E+03 1.24 E+01 1.10 E+01

Table 7.4: Compared unit factors.

The Hempcrete assembly performs better than the AAC one in the vast majority of the im-
pact categories under scrutiny with the exception in the categories of Acidification, Eu-
trophication Land and Eutrophication Seawater. The possible reasons behind the lower
environmental performances in these categories have been already discussed in Section
7.7. The contribution of timber in the biobased design UE had partly decreased the en-
vironmental impact of the biobased design in the category of the Ozone depletion. The
emission differences between the two materials are highly distinguishable.

The results of the SL and Hempcrete design seem divided when all the environmental im-
pact categories are taken into account and thus do not allow a clear environmental ranking
between the two options. The hempcrete design displays superior environmental perfor-
mances in the global warming categories (GWP), where the biogenic carbon potential is
taken into account, even though no carbon storage is considered and the total amount of
stored CO2 in hempcrete is assumed to be emitted ( Figure 7.10 - GWP - Biogenic carbon,
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stage C4) after the declared service life (60 years). The latter is a rather conservative sce-
nario, since in reality the biogenic carbon storage in hempcrete has a higher duration that
can reach more than 100 years. Eventually the total of CO? emissions for the sum of the
GWP-categories (Fossil, Biogenic, Luluc), in the case of the Hempcrete design is almost the
half of that of SL when also stage D is considered (2.48 E+01 and 4.55E+01 CO2 eq., for
Hempcrete and Sl respectively). The higher amounts of the carbonisation of the lime for
the case of hempcrete (Section 7.6) and the benefits of the exploitation of biomass in stage
D have contributed considerably in the aforementioned results. For the impact categories
of Abiotic Depletion potential of Fossil fuels and Elements, again the hempcrete design
performs better. A remarkable difference between the SL and the hempcrete option can be
detected in the environmental category of Water depletion, where the Hempcrete design
impact is accounts for 0.07% of the respective impact of the SL design. This difference is
attributed to the FG insulation. In the rest environmental categories, SL design appears
to perform better, the lower environmental impact of the FG insulation (Section 7.7), has
attenuated the impact of the SL bricks.
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Figure 7.10: The environmental impact of 1 facade UF - Comparison between the assemblies under scrutiny.
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Figure 7.11: The environmental impact of 1 facade UF - Comparison between the assemblies under scrutiny.
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The different measurement units and results’ scales in the environmental categories under
examination create some difficulties regarding the derivation of final conclusions on the
sustainability of the materials. In order to overcome these difficulties, different normalisa-
tion and weighting schemes are used as a means during Life Cycle Assessment worldwide,
which allow the translation of results in a single score. In literature five different weight-
ing approaches are found: the Single item based, the distance to target, the panel based,
the monetary valuation and the meta models [7]. Each of the aforementioned assessment
schemes are inherently dependent on choices influenced by aspects as policy, culture and
therefore are not directly derived by science. For this reason, an equal weighting approach
is sometimes preferably followed. In the Netherlands however the monetary valuation ap-
proach is followed and therefore the same approach has been chosen for this graduation
project. The new standard EN 15978:2021 is still under development and therefore mone-
tary values have not yet been assigned to the emission equivalents of the new environmen-
tal categories [8]. As a result, the monetary valuation in this graduation project is based on
values derived by the Dutch literature (Table 7.5).

Impact category cost %)ér €q. Hempcrete SL AAC Source
GWP Fossil (kg CO2 eq/UF) 0.05 1.24 E+00 2.24 E+00 4.81 E+00 [9]
GWP Biogenic (kg CO2 eq/UF) 0.05 -3.10 E-03 3.94E-02 1.62 E-01 [9]
GWP luluc (kg CO2 eq/UF) 0.05 1.92 E-03 3.14 E-03 1.59E-02 [9]
ODP (kg CFC11 eq/UF) 30.0 1.30 E-04 4.2 E-05 2.0E-04 [9]
AP (mol H+eq/UF) 4.0 1.32 E+00 6.39 E-01 9.90 E-01 [10]
EP Fresh water (kg P eq/UF) 1.90 7.96E-03 4.63E-03 1.66E-02 [10]
EP Fresh water (kg PO4 eq/UF) 9.0 ) 2.95E-03 -) [9]
EP Sea water (kg N eq/UF) 3.11 4.58 E-01 8.56 E-02 1.87 E-01 [10]
EP Land (mol N eq/UF 0.04 5.22 E-02 2.41 E-02 3.23 E-02 [10]
POCP <kgeg%¥?c 2.0 248 E-01 1.98 E-01 3.85 E-01 [9]
ADP Elements (kg Sb eq/UF) 0.16 9.70 E-07 1.21 E-05 1.3E-04 [9]
ADP Fossils (MJ/UF) 7.70E-05 1.69 E-02 4.08 E-02 5.0 E-02 [9]**
WDP (m3 water/UF) 1E-04 1 E-03 9 E-01 1 E-03 Assump.
Total € 3.35E+00 3.27E+00 6.65E+00 (exl. WDP)
Total € 3.35 E+00 4.17 E+00 6.65 E+00 (incl.
WDP)

*conversion: 1 mol N =0.014 kg N
** conversion: MJ/UF x 4.81E-04 = kg Sb-eq

Table 7.5: The final environmental costs per UF of facade

Due to the high difference in the results of the three assemblies in the category of WDP, two
different approaches were used, one including and one excluding the the WDP category (
Table 7.5).

In the case where the WDP was excluded from the final results, the SL brick facade UF
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appears to perform slightly better than that of Hempcrete. Nevertheless, the environmen-
tal image between the SL and the Hempcrete facade UF differs in the case of the second
approach (incl. WDP) and the hempcrete option exhibits higher environmental perfor-
mances. The environmental costs of the AAC UE appear doubled in comparison to the rest
two options for both the aforementioned approaches.

In order to derive a clearer image regarding the performances of the SL brick and the Hemp-
crete UF some further discussion on the results and the methods which were followed is
needed. Regarding the second approach (incl. WDP), no environmental monetary valua-
tion regarding the amount of water used was found in the available literature. Assigning a
monetary value equal to the current net price of 1 m® of water in the Netherlands (around
1 €/ m3) and assuming that the water use of the materials belong to the same range ( E+00
- E+01) turned out to be an inappropriate method since eventually the costs of the rest en-
vironmental categories were overshadowed by the high volume and price of water use. In
order to overcome this issue a normalisation approach was applied and the current water
price in the Netherlands was divided by 1 E+04, which is the conversion factor for the case
that the water use in the SL UF is assumed to belong to the same range as the other two
assemblies (1 E+00). This approach can be an underestimation of the weight of the WDP
category on the final results, since the shadow price is eventually remarkably low, however
due to the better performances of hempcrete in the respective category is considered to be
towards the safe conservative side for the comparison.

Another feature that is worth noticing here is the considerably lower environmental prices
per kg of substance emission that are assigned to the environmental categories in which the
hempcrete facade U.E exhibits better performances (GWP, ADP elements and ADP com-
bustibles). This feature attenuates the differences regarding the environmental perfor-
mance of hempcrete and SL especially when biogenic carbon of the hempcrete design is
assumed to be released back in the environment after the service life of the material (as
in the case of this research). The weighting factors used in the current project were in
their majority the ones defined in the Environmental Performance Assessment Method for
Construction Works in the Netherlands (NMD -Nationale milieu database), which however
have been formed in accordance with the previous version of the standard for the creation
of EPDs in the Netherlands (NEN 15804+A1). The aforementioned feature has been no-
ticed, and as a result some alterations will be incorporated in the new environmental de-
termination method with the aim to attribute higher weighting on the ADP categories [8],
which according to the current version of the environmental method do not contribute sig-
nificantly in the determination of the environmental cost. New monetary weighting factors
are currently under development in order to comply with the new version of the EPD stan-
dard and adequately lead towards a circular economy. Consideration is also given to the
GWP-biogenic category and how it should be included in the new environmental method
in order to allow a fair comparison between materials and products [8].

The way that the impact of categories of Eutrophication and Acidification is estimated may
also be not ideal for the case of hempcrete, since nitrogen fertilization seems to overshadow
other aspects of hemp that could be beneficial for the environment and the health of the
soils as its low need for pesticides and herbicides, the prevention of soil erosion, the pro-
motion of biodiversity [11] and its high phytoremediation potential for heavy metal con-
taminated soils [12].
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Taken all the aforementioned into account it can be understood that the approach followed
for the calculation of the environmental costs of the assemblies is conservative for the case
of the hempcrete facade. However, even in this case the hempcrete results outperform (Ta-
ble 7.5 - Incl. WDP) or significantly approach the SL UF results ( Table 7.5 - Excl. WDP).
The latter statement can be better understood when a different weighting approach, as
for instance the one developed by the EU ([7]) which assigns higher weighting factors in
GWP and ADP categories, or an equal weighting approach is followed. For the case of an
equal weighting approach, the total amount of impact is expressed as the sum of the im-
pact equivalents and following results are delivered:

* 1 UF of hempcrete facade: 2.47 E+02 impact equivalents *
* 1 UF of SL facade: 5.76 E+02 impact equivalents *

* 1 UF of AAC facade: 7.49 E+02 impact equivalents *
*excluding WDP
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7.8.2. THE INTERNAL WALLS

The internal load bearing walls

The same method as the one described in Section 7.8.1 was followed for the determination
of the environmental costs for the internal load bearing walls. Information about the char-
acteristics of the UF can be found in Table 7.3. The results are presented in an aggregated
form per stage in Figure 7.12 and Figure 7.13 and in total in Table 7.6.

Assembly Hempcrete SL AAC
Excl. stage | Incl. stage | Excl. stage | Incl. stage | Excl. stage | Incl. stage
Impact category D D D D D D
GWP Fossil (kg CO2 eq/UF) 7.2 E+00 -4.02 E-01 3.49 E+01 3.46 E+01 3.36 E+01 3.31 E+01
B.GWP. (kg CO2eq/UF) | -1.52E+00 | -1.96E-02 | -3.57E-01 | -3.58E-01 | 1.12E+00 | 1.12 E+00
iogenic
GWP luluc (kg CO2 eq/UF) 1.82 E-02 1.62 E-02 5.69E-02 5.66 E-02 1.1 E-01 1.09 E-01
ODP (kg CFC11 eq/UF) 9.06 E-07 7.72 E-07 6.35E-07 6.35 E-07 2.48 E-06 2.29 E-06
AP (mol H+eq/UF) 6.40 E-02 5.29 E-02 8.36E-02 8.31 E-02 8.96 E-02 8.50 E-02
EP Fresh K
water (kg P eq/UF) 7.91 E-04 7.61 E-04 2.57E-03 2.57 E-03 3.0 E-03 3.0 E-03
EP Sea
water (kg N eq/UF) 2.75E-02 2.44 E-02 2.09E-02 2.08 E-02 2.22 E-02 2.06 E-02
EP Land (mol N eq/UF) 2.36 E-01 2.02 E-01 2.59E-01 2.58 E-01 2.73 E-01 2.552 E-01
POCP (kg NMVOC eq/UF) 3.30 E-02 2.42 E-02 7.09E-02 7.06 E-02 7.12 E-02 6.61 E-02
ADP
El (kg Sb eq/UF) 2.45 E-06 1.13 E-06 6.1E-05 5.89 E-05 2.86 E-04 2.78 E-04
ements
Fﬁl)s}i)ls (MJ/UF) 9.18 E+01 -4.21 E+01 3.88E+02 3.84 E+02 2.36 E+02 2.23 E+02
WDP (m3 water/UF) 3.06 E+00 2.84 E+00 3.91E+00 3.89 E+00 4.28 E+00 3.79 E+00

Table 7.6: Compared unit factors.

In the case of the load bearing walls the environmental superiority of the hempcrete timber
design becomes clearer. The biobased design performs better than the two conventional
designs in the vast majority of the environmental categories, with an exception for the case
of the ozone depletion potential (ODP) and the Eutrophication - Seawater. Three main fac-
tors contributed to the different image of the environmental results in the case of the load
bearing walls: the higher amounts of material needed for the structural support of the res-
idence’s loads for the case of the conventional loadbearing masonry, the absence of the FG
insulation, which for the case of the facade attenuated the environmental impact of the SL
designed facade and the higher amounts of timber which are present in the load bearing
walls (30.2% instead of 7.64 %).

The difference in the UF results regarding environmental categories that of GWP and ADP
between the biobased design and the other two conventional options is highly distinguish-
able. The SL design proved to be more competitive for the case of the facade and thus it
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is worth mentioning here the differences in some key impact categories between the per-
formances of the SL and the biobased design in the case of the facade and load bearing
walls. Regarding the GWP fossil impact category, the proportional difference between the
two designs accounted for 17% (excluding stage D) and 44% (Including stage D) for the
case of the facade. For the case of the load bearing wall however this difference reached
80% (excluding stage D) and 112% (Including stage D). The differences in the nature and
the volume of the required materials for the loadbearing support of the residences created
some highly favorable conditions for the biobased design, these conditions were further
improved when the scenario of incineration of the timber is taken into account and part of
the fossil combustion is substituted. The benefit of including the incineration potential of
the biomass is eventually high enough to lead to a negative environmental footprint for the
case of the biobased design ( Table 7.6: -4.02 E-01 kg CO2 eq/ UF). A similar image can be
observed for the case of ADP-combustibles.

Regarding the environmental categories of Acidification and Eutrophication an improved
image can be detected for the case of the loadbearing walls. For the vast majority of the
aforementioned categories hempcrete performs better than the two conventional options,
even when the benefits of stage D are excluded. The high influence of the production stage
in these categories is still however noticeable especially in the categories when nitrogen
equivalents are used as impact indicators. In more detail, the sensibility of the biobased
design in the nitrogen related categories appears to be high, since even with a remarkable
less use of material (7.5 cm thickness of walls for Hempcrete and around 15 cm for the
conventional options), the influence of the production stages (A1-A3) is significant. The
scenario of deposition after use has a detectable influence in the case of the SL design, for
the majority of the aforementioned categories. Nevertheless, for the case of the biobased
design, the scenario of the deposition of the hempcrete blocks appear to mainly influence
the Acidification and Euphtrophication of Land. For the case of the AAC concrete, where a
less conservative scenario was assumed for the end of the life (Recycling of the blocks), the
environmental impact is still higher than the rest options in the majority of the categories.
Regarding the Water Depletion potential (WDP), the scenario of incineration of timber is
responsible for a considerable impact which even surpasses this of the production stages.

According to the aforementioned it is worth assessing the sensibility of the environmental
performances of the design in the different proportions of timber and hempcrete especially
in the categories of the eutrophication and the acidification. The influence of the increased
percentage of timber in the the UF of the biobased design when stage D is excluded, can be
observed in Figures 7.14,7.14. An increase of 22.4% in the timber percentage (from 7.6% in
the case of the facade to 30 % in the case of the load bearing walls) as expected did not in-
fluenced proportionally the environmental impacts of the unit factors due to the different
impacts that characterise Hempcrete and Timber when compared to the same unit of vol-
ume. Increasing the timber percentage by 22.4% eventually led to a higher increase in the
respective percentage of the UF’s emissions that account for the timber in the environmen-
tal categories of GWP Land Use, Abiotic depletion of raw materials, Photochemical ozone
depletion and water use. For the rest of the categories, the increase in the percentage of
impacts that account for timber was lower than 22.4%, which indicates a higher sensitivity
to hempcrete. As aresul, the difference between the environmental results of the facade UF
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and the UF of the load bearing walls for the Eutrophication and Acidification categories can
be mainly attributed to the decrease on the amount of hempcrete used due to the different
thickness of the wall and not the proportion of the wall which was substituted by timber.

The final environmental costs of the loadbearing UF were calculated and are depicted in
Table 7.7. The difference between the UF in the final costs has increased significantly, the
costs of the environmental design barely surpass 0.3 € whereas for the conventional ma-
sonry the final cost exceeds 2 €. For the impact category of ADP fossils and GWP fossil the
benefits of biomass leaded to even negative costs.

Impact category cost %:gr €q. Hempcrete SL AAC Source
GWP Fossil (kg CO2 eq/UF) 0.05 -2.01 E-02 1.73 E+00 1.65 E+00 9]
GWP Biogenic (kg CO2 eq/UF) 0.05 -9.78 E-04 -1.79E-02 5.58 E-02 [9]
GWP luluc (kg CO2 eq/UF) 0.05 8.12 E-04 2.83 E-03 5.47E-03 [9]
ODP (kg CFC11 eq/UF) 30.0 2.32 E-05 1.9 E-05 6.87 E-05 [9]
AP (mol H+eq/UF) 4.0 2.11E-01 3.32E-01 3.4E-01 [10]
EP Fresh water (kg P eq/UF) 1.90 1.45E-03 4.48E-03 5.69E-03 [10]
0
ey —— (kg N eq/UF) 3.11 7.58 E-02 6.47 E-02 6.42 E-02 [10]
EP Land (mol N eq/UF 0.04 8.82 E-03 1.12 E-02 1.11 E-02 [10]
POCP (kgeglll\[’ll‘lé?c 2.0 4.85 B-02 1.41 E-01 132 E-01 (9]
ADP Elements (kg Sb eq/UF) 0.16 1.81 E-07 9.42 E-06 4.45E-05 [9]
ADP Fossils (MJ/UF) 7.70E-05 -3.24 E-03 2.96 E-02 1.72 E-02 [9]**
WDP (m3 water/UF) 1 E-04 2.84 E-04 3.89 E-04 3.79 E-04 Assump.
Total €) 3.23 E-01 2.30 E+00 2.29 E+00 (incl.
WDP)

Table 7.7: The final environmental costs per UF of loadbearing walls

*conversion: 1 mol N =0.014 kg N

** conversion: MJ/UF x 4.81E-04 = kg Sb-eq
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Figure 7.12: The environmental impact of 1 UF of load bearing wall- Comparison between the assemblies
under scrutiny.
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Figure 7.13: The environmental impact of 1 UF of load bearing wall - Comparison between the assemblies

under scrutiny.
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Figure 7.14: The influence of timber in the unit factor - For each category depicted, left side pie charts: Facade
(7% Timber) - right side pie charts: Loadbearing walls (30% Timber).
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Figure 7.15: The influence of timber in the unit factor - For each category depicted, left side pie charts: Facade
(7% Timber) - right side pie charts: Loadbearing walls (30% Timber).

The separation walls

The same method was used for the calculation of the environmental costs of the UF for
the separation walls. Due to the similar thicknesses between the selected wall unit factors
(Table 7.3) and the similar timber percentage to that of the facade, the same observations
as the ones described in Section 7.7 and Section 7.8.2 - Internal load bearing walls can be
detected. For the sake of brevity the results are presented in the Annexes (Table A.2, Figure
A.26 and Figure A.27).
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7.9. THE TOTAL ENVIRONMENTAL COSTS OF THE RESIDENCE

The environmental costs of the residence related to the three different wall designs have
been calculated by following the same methodology as the one explained in the previous
sections, the calculation includes stage D. The volumes of the materials that were taken
into account for the calculation of the final costs are presented in Table (7.8 ). The relevant
tables for the results that are present in Figure (7.16) can be found in the Annexes in com-
bination with the assigned respective monetary values and the contribution of each wall
type to the final results (Figure A.28).

Tyveaello f Unit Hempcrete SL AAC
Facade m3 48.8 (7.64% /93.36%) 43.2 (52% FG / 48% SL) 66.96

(Timb./Hempcr)

. 3 (8.54 % /91.46%)
Separation m 2.31 (Timb.*/Hemper) 2.28 2.97

Load

. 3 (30.2% /69.8%)

itiletglrllla% m 55 (Timb./Hempcr) 6.5 6.4
F”éi‘)lslfg“" € 5.14E+02 7.10E+02 1.06E+03

* Timber for studs around doors

Table 7.8: The volumes of the materials used in the residence design.

%

0% 0%0 0% 1% 0%

» GWP-Fossil m GWP-Biogeneic ® GWP-Luluc u ODP

m AP m EP-Freshwater m Ep-Seawater m EP-land

Figure 7.16: Total environmental costs per design

The results show a clear better environmental image for the case of the hempcrete design,
which can be mainly attributed to the lowest impact associated with the environmental
category of the GWP Fossil. Other environmental categories that contribute noticeably to
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the final environmental costs of the design are, as expected by the results of the wall’s unit
factors, the Acidification and the Eutrophication Sea water.

7.10. THE FINANCIAL COSTS

The prices of the materials depend on many different aspects as the market conditions,
the price set by different producers and the distributors, the dimensions of the block, the
amount of the material ordered etc. For the purpose of the current research the financial
cost of the materials were estimated. The calculation was based on average prices of the
materials in the Dutch market as they have been calculated by prices on the internet. For
the calculation the following prices were taken into account:

 Autoclaved Aerated concrete (Cellenbeton) : 235 € / m3

« Sandlime bricks (Kalkzandstees lijm blokken): 359 €/ m®

Fiberglass Insulation board: 11 € / m?

» Hempcrete blocks: 442 €/m3

Timber prices differ depending on the required length of the beam, the range of the re-
quired section dimensions and the strength class. Due to the complexity, the price of the
timber was excluded from the calculation. The final costs were estimated according to the
volumes that are present in Table 7.8 and then translated per m2 of floor area of the resi-
dence.

o AAC =235 € %76.33 = 17938€ -> 145 € / m?
o SL+FG = (43.2 % 52% + 2.28 + 6.5) * 359€ +(43.2/0.31) * 11 €= € 12840 -> 107 € / m?

* Hempcrete: 442 € *((48,8 * 93%) + (2.31 * 91.5%) + (5.5 * 70%)) = 442 %+ 51.36 = 22700 €
-> 190 €/m?

The net floor area is also an important factor that is considered during the design of the
residence. The respective net floor areas for the three different designs are presented in
Table 7.9. The final net area of the hempcrete design is eventually slightly higher than that
of the SL, which can be attributed to the thinner internal walls that are possible due to the
structural frame system.

Unit Hempcrete SL AAC

Net Floor Area m? 99.9 100.07 92.03

Table 7.9: The net floor area.
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8.1. CONCLUSIONS AND DISCUSSION

The research sub-questions that define the research question are answered in the following
section according to the current research’s results.

* What are the properties and the related parameters that need to be examined to guar-
antee that hempcrete blocks are safely and adequately applied with regard to their in-
tended use in the case study?

According to the research results, hempcrete is a bio-based material that is characterised by
considerable potential in building applications. Among others hempcrete incorporates a
substantial hygrothermal behaviour due to its high vapour permeability, low thermal con-
ductivity and high specific heat capacity. In addition, it is characterised by good acoustic
properties (in terms of sound absorption and sound insulation) and considerably good fire
safety performances. The beneficial properties of the material can be mainly attributed to
its high porosity (and low density), which combines the advantages of both macro and mi-
cro porosity due to its natural aggregate (hemp shives) and the type of the binder (lime).
Its high carbon sequestration capacity and its hygrothermal performances are the main
aspects that have distinguished it from other building materials.

Hempcrete is a non-loadbearing material, however in order to be used in building appli-
cations, for safety reasons an adequate mechanical strength is required (> 0.2 MPa) . Ac-
cording to studies, increasing the mechanical strength of the material can have a negative
impact on the beneficial properties of hempcrete since it can be be mainly achieved by
increasing the composition’s density and the amount of the binder. Among other factors,
the level of compaction, the nature of the binder, the water content and the binder to shiv
ration have been found to be decisive in the definition of the final properties of the ma-
terial. According to the literature review, hempcretes which are characterised by densities
that belong to the range between 300-460 kg/m 3 can be suitable for building applications
since they are able to provide to the wall enough mechanical strength for integrity and self
support and an adequate thermal conductivity (around 0.07 W/(mK)), able to meet the re-
quirements of the modern building codes in reasonable wall thicknesses.

Regarding its application in buildings, hempcrete can be mainly found in three forms: in-
situ sprayed and poured or in the form of the prefabricated blocks. The in-situ forms of
hempcrete are generally characterised by higher porosities and thus lower thermal con-
ductivities. However, they are also come with some disadvantages when compared to the
prefabricated blocks. In more detail, in situ-forms are know to be associated with higher
risks and costs, as they are more labour intensive and require higher levels of expertise in
order to be adequately applied. In addition, they require significant time for drying in order
for the rendering to be applied. The risks are mainly related to insufficient level of mixting,
which can lead to uncoated hemp shives or parts of the wall with different properties and
hence can create some biodegradability, fire safety or shrinkage issues. However, in the case
of hempcrete blocks, these issues are not present anymore since the material is fabricated
in monitored and protected conditions. Furthermore, no high levels of expertise is required
since hempcrete blocks” application, is highly similar to that of conventional the masonry,
which is a frequent construction method in the Netherlands. As a result, contractors can
easily learn how to apply the material by following short workshops.
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Hempcrete comes with some important application features. It should be used in breath-
able walls, without vapour barriers. For this reason, consideration must be given to the type
and properties of the rendering. Renderings should be also vapour permeable and for this
reason cement plasters are not adequate for hempcrete. Clay or lime renders have been
found to be good choices as an alternative. Clay plasters are preferably used in rooms with
higher moisture due to their good moisture buffering capacity. Lime plasters are better for
general applications due to their lower costs and higher strengths. In addition, hempcrete
must be protected from water capillary movement. For this reason a capillary protection
layer between the hempcrete blocks and the concrete floor is also needed to protect the
blocks from capillary movement. A water proof membrane should also reach at least 20
cm above ground to protect the material from pond rain water. During construction, it is
important to cover the upper-side of unfinished hempcrete walls to avoid vertical water
intrusion.

Furthermore, hempcrete is a non load bearing material so a structural frame system is al-
ways needed for the support of the the building loads. The sustainability of the design
can be further enhanced when a timber structure is selected. The hygrothermal proper-
ties of hempcrete and its PHA levels allow the breathability of the timber, create some un-
favourable conditions for the creation of mould and thus permit the placement of the tim-
ber structure inside the hempcrete wall. In addition, the fire safe performance of hempcrete
can protect the timber construction in case of a fire without additional means to be re-
quired. This type of design, can offer some benefits since the loads of the walls can be
directly transported to the floor slabs without requiring additional external structure for
the support of the facade. Nevertheless, the results of the current research show that some
considerations should be taken into account when this construction method is selected.
These considerations include: the water absorptivity of hempcrete and the thickness of
the wall section around the timber. Hempcrete’s water absorptivity should be low enough
to limit the amount of of rainwater that enters the wall, while simultaneously allows the
drying of the timber through out the years. Regarding the wall’s thickness, it should be
enough to prevent high levels of humidity to reach the timber. The results of these research
showed that if this aspects are properly consider no particular degradation risks can arouse
for timber. The aforementioned considerations, can play a higher role in facades that are
facing towards the driving rain direction, where hempcrete may accommodate higher wa-
ter content levels. These higher content levels may no influence hempcrete itself, but may
burden the encased timber. Adding a cladding or a render with appropriate properties to
the driving rain facade can eliminate the risk. The influence of the render in this aspect,
was not considered in the current research since the same lime rendering was taken into
account in all the simulations. Defining however the ideal properties of such a rendering
could contribute to better performances of the biobased wall and therefore could be a rec-
ommendation for some future research.

Standardisation does not yet exist for hempcrete so DoPs cannot be composed. European
standards of other biobased materials or conventional materials with similar applications
as AAC can be used as references to get an insight on the application requirements that
the material should meet in order to be adequately tested and applied. Types of certifi-
cation based on the tests that have been performed in accordance with European stan-
dards already exists for the case of hempcrete blocks. Despite the lack of standardisa-
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tion, hempcrete’s properties and performance characteristics have been already widely re-
searched in Europe, especially in countries as France and the UK. Hempcrete buildings
have been already constructed since decades in Europe, while regulation regarding the
composition and application requirements of hempcrete is already into force in France
since 2012. The results of available literature and application provide enough information
about the behaviour of the material and the way that it should be applied in buildings.
However, its application in the Netherlands remain limited. According to the interviews,
biobased buildings in the Netherlands only account for 2-5% of the total amount of annual
constructed buildings in the Netherlands. From this percentage only a small proportion
corresponds to hempcrete constructions which mainly refers to individual projects. Some
bigger projects of hempcrete which include 10-15 hempcrete houses can be found in the
Netherlands, nevertheless their number is extremely limited.

* What are the current restraints in hempcrete’s use in the Netherlands and how can they
affect the decision of using hempcrete in building constructions?

According to the interviews results, the most important barriers for the hempcrete use in
the Netherlands are: the biased perspective of people regarding biobased materials, the
legislation and the additional costs.

The available knowledge on the material can already provide information which can be
used as a reference to cover the lack of the standardisation of the material. In addition,
the existence of buildings already constructed in hempcrete can already provide stimula-
tion for the performances of the material. However, the biased image of people regarding
the sensitivity of biobased materials in aspects as moisture, bio-degradation and fire, cur-
rently restricts the propagation of hempcrete in the Netherlands, even though hempcrete
has proven to exhibit some good performances in these aspects. The established masonry
construction tradition in the Netherlands which was influenced by the high presence of
clay in rivers, also limits the use of biobased materials in the Netherlands in comparison
to neighbouring countries where biobased materials are more frequently present in tradi-
tional architecture.

The current regulation reality in the Netherlands also discourages the use of biobased ma-
terials to some extent. When it comes to hempcrete, this discouragement is related to bu-
reaucracy requirements and not performance based requirements, since hempcrete is able
to meet the strict fire safety and thermal requirements that the Dutch regulation imposes.
The current Dutch market is characterised by a limited presence of hempcrete blocks which
may be unable to support big residential projects. Producers outside the Netherlands, are
required to re-test their products according to the NEN Norms in order to be admitted into
the National Environmental Database (NMD) even though the products have been already
tested according to EU standards (EN Norms). The latter creates additional costs to the
producers and discourages their actions. In addition, it creates uncertainty about the re-
ceivement of a building permit since the decision needs to be based to methods of proofing
the performances of the material that are not part of Dutch NEN standards. The difficulties
that the Dutch regulation imposes have already acknowledged to an extent. The develop-
ment of the new version of the environmental method (Bepalingsmethode MKI) according
to the new European standards will offer more international opportunities.
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In addition, building physics and energy efficiency related regulations are only based on
static calculation methods. These methods fail to give prominence to some of the most
beneficial aspects of hempcrete, namely its moisture buffering capacity and its high spe-
cific heat capacity, which can actively contribute to the establishment of indoor comfort
and lead to constructions that meet the energy efficiency and condensation requirements
even with walls that are characterised by lower thermal resistance values than those set
by the Dutch building Decree. A characteristic example is the results of the condensation
analysis performed in the current graduation project, where no particular surface or inter-
stitial condensation were detected in hempcrete sections with thermal resistance values
lower than the Decree requirements.

When it comes to costs hempcrete is a more costly option. This aspect is mainly influenced
by the low availability of the material in the market. Taking steps to increase the material
availability will also affect its price. The presence of hemp production in the Netherlands is
limited, producers tend to be hesitant to increase the production and contractors tend to
be hesitant to go for hempcrete due to the absence of a steady flow supply - an issue which
however can be solved if international supply is facilitated by the means of Dutch regula-
tion -. The current regulation fails to give prominence to important benefits of hempcrete
as already stated above and as a result and the choice on the material is only with regard to
the most cost efficient option that meets static calculations requirements. The new Bepal-
ingsmethode (MK]I) is expected to promote biobased materials as hempcrete.

* How does the hempcrete block design perform in the analyses relevant to the required
building aspects in comparison to the AAC design option and the sand-lime option?

AND

* What impact does choosing a hempcrete block design instead of the two predefined
conventional Dutch masonry design options will have on the environmental and fi-
nancial costs of the residence?

When hempcrete is compared to its equivalent conventional material AAC (400 kg/m3), it
exhibits better performances. The condensation and environmental analysis performed in
the current research showed more favorable results for the case of hempcrete. An addi-
tional thickness of 13 cm was needed in order for the monolithic AAC design to meet the
current requirements of the Bouwbesluit. The latter decreased the net surface of the res-
idence and increased the required amount of material remarkably in comparison to the
hempcrete design. Both the aforementioned aspects are detrimental in financial and en-
vironmental terms. Regarding the energy and indoor comfort analysis two main aspects
were observed: the high thickness of the AAC walls increased the thermal mass of the resi-
dence which slightly improved the energy consumption of the residence, it simultaneously
however hindered natural cooling in the summer.

The SL brick design with the FG insulation appeared to be more competitive for hemp-
crete. The FGinsulation on the facade attenuated the impact of the SL bricks in the majority
of the environmental categories. It highly influenced however the environmental category
of the water depletion. Eventually hempcrete showed better environmental performances
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even with the conservative scenario of the release of the total amount of CO2 in the atmo-
sphere after the service life of the building. The net surface of the residence did not even-
tually differentiate for the two design options (Hempcrete: 99,9 m?, SL:100.07 m?), since
the surface missed by the higher hempcrete facade thickness was eventually compensated
by the thinner internal walls. The condensation analysis showed no particular differences
between the design options in most of the cases for walls with the same thermal resistance.
Nevertheless, hempcrete walls with lower thermal resistance were able to exhibit same re-
sults as those of the better thermally designed SL wall. Hempcrete showed better moisture
buffering capacities in the bathroom simulation. Regarding the energy analysis, the high
density of the SL brick design was able to compensate for the lower specific heat capac-
ity and result to lower energy performances and slightly better cooling in summer. The
hempcrete designed building showed better response in the moisture regulating capacity
as more values of RH remained in the comfortable range. The SL design however due to its
higher thermal mass corresponded better to temperature alterations.

When it comes to the sustainability of the material, both the natural aggregate and the
lime binder have contributed to its high performances. The high sequestration potential
of hemp and the carbonisation process of the lime contribute to the high carbon storage
ability of hempcrete. Hempcrete Facade unit factors of 1 m2 with a thermal resistance of
Rc=4.8 m? K/W offer in total a carbon storage potential of 96.5 kg CO2/UF (48% hemp shivs,
0.31 % carbonisation of the lime and 21% timber presence). The benefits of the biobased
nature can be further enhanced when biomass is partly exploited for the generation of en-
ergy. The lower energy intensive processes required for the production of the material give
also an advantage in hempcrete when it comes to the Abiotic depletion impact categories
for fossil fuels and elements. The latter is not reflected of the current NMD method where
low monetary values are assigned to these categories, this issue however is already detected
and will be taken into account in the new LCA method. The benefits of the low water needs
of the hemp plant are expected to be reflected on the new EU LCA approach in the cate-
gory of water depletion. The material environmental performance seems however to be
sensible to the environmental categories that are influenced by nitrogen presence as those
of the Acidification, EP seawater and EP land. The latter could be attributed to the needs
of hemp for nitrogen fertilisation. This sensibility is magnified when high monetary values
are assigned to the aforementioned categories.

The hempcrete design was estimated to be more expensive in comparison to the other two
design options. However, when it comes to the financial costs of the residence more aspects
than just the material supply related costs should be considered. Such cost could be any
costs related to potential maintenance, any potential construction delay, or cost related to
the net surface value. It is also important however to consider any potential added value to
the design.

According to the research results hempcrete in the form of blocks is a durable material
which in comparison to other biobased materials is not sensible to risks as fire or bio-
degradation. Regarding the condensation (both interstitial and surface) no particular risks
have been detected after the dynamical hygrothermal simulation, which eliminates the re-
lated degradation risks. In addition, adequately designed hempcrete walls allow the en-
casement of structural timber without imposing mould growth risks. The latter offers some
potential, since such method could allow a faster and less resource demanding construc-
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tion.

In general, hempcrete blocks are not associated with particular delay related risks. Produc-
ers of hempcrete blocks with certified facilities already exist in neighbouring countries of
the Netherlands. An advance notice of around 12-14 weeks is enough to allow sufficient
supply, in case the available stocks are not enough for a project. The installation of the
blocks is similar to that of the conventional masonry and as a result contractors only require
brief workshops to get familiarised with the material. Nevertheless, hempcrete blocks have
not been introduced yet to the Environmental database of the Netherlands, so the methods
which are required for the material’s proof of performances may differ per project case. The
procedures for the introduction of hempcrete blocks in the Dutch Environmental Database
have been already started, thus the aforementioned aspect is expected to not be an issue
anymore soon.

The additional value that hempcrete may add to a construction should not be overlooked.
Hempcrete blocks are able to provide energy efficient and comfortable constructions. Their
high hygroscopicity and high specific heat capacity can be beneficial for buildings. In ad-
dition, hempcrete is associated with social and environmental aspects on which its indus-
trialised competitors fall behind. Some of these aspects are not reflected in the modern
building regulation and therefore are frequently forgotten. Nevertheless, they provide a
considerable advantage to the option of selecting hempcrete in the case of projects which
aim for high sustainability scores or for indoor environments with controlled RH fluctua-
tions.
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8.2. LIMITATIONS

The wide research question of the current graduation study required numerous aspects to
be investigated in order for adequate conclusions to be drawn. The latter did not allow the
incorporation of many sensitivity analyses in general in the research, which its also its main
limitation. However, some sensitivity analyses were included in parts of the study where
the author considered important in order for a broader image to be generated. These parts
were:

* The assessment of the different hempcrete compositions in order to investigate the
sensitivity of the degradation risks to the material properties.

* The assessment of the suitability of the method followed to the generate a hempcrete
facade UF which adequately reflects the actual total environmental impact of the de-
sign.

* The influence of the different proportions of timber per unit factor in the impact cat-
egories results of the hempcrete design.

Despite its limitations the current research contributes to the distribution of knowledge
regarding the main aspects that characterise the use of hempcrete blocks for the construc-
tion of residences in the Netherlands. Findings of the research give insight on the main
aspects of the material that should be considered when hempcrete is applied and how they
can be improved to further decrease degradation risks. It provides information the current
barriers that are present in the Netherlands and how they should be addressed in order to
facilitate the use of sustainable biobased materials and succeed to incorporate their true
value.
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8.3. RECOMMENDATIONS

According to the aforementioned, some recommendations for additional research can be:

* Research on the influence of the rendering’s properties on hempcrete facades with
encased timber in the case of driving rain orientation.

* Research on the potential means to increase the thermal mass of hempcrete while
sustaining high porosity and adequate binder proportions. A possible research on
the incorporation of phase changing materials in the composition.

* Research including a sensitivity analysis regarding the level on which the differences
in the hygrothermal properties of different hempcrete compositions can influence
the final environmental and financial costs.

* Research on the required thermal resistance and properties of hempcrete walls in
order to meet the BENG regulation energy requirements by means of dynamic hy-
grothermal simulations. Comparison to the hygrothermal dynamic response and re-
quired thermal resistance of conventional construction materials.

¢ Research on how moisture accumulation inside the material can influence its ther-
mal properties in long term conditions by means of long term experiments.

* Research on how the image regarding the energy performances of hempcrete in com-
parison to other materials differs between static and dynamic calculation methods.

* Research on the potential factors that influence the sensitivity of hempcrete in the
environmental categories of the Acidification, Eutrophication of Land and Eutrophi-
cation of Sea-water.

* Research on the environmental performances of hempcrete according to different
LCA weighting methods. Identification of the highest influencing impact categories.
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Section Section  Parameter Value Description
Num-
ber
Fire Reaction 2.9 Smoke class s2 Indoor air surface
Fire class B Residential Building Indoor surface in
escape route
Indoor surface D Residential Building General Indoor
surface
" C Residential Building Outdoor surface
in escape route
Fire class D Residential Building General Outdoor
surface
Outdoor surface B The height of the construction >13 m
" B Fire class for at least 2.5 m in building
with floor at height > 5m,
Limitation of fire 2.10 Fire resistance 60 min. Between two compartments
spread and smoke between com-
spread partments
30 min. Between a compartment and an en-
closed space through which an extra
protected escape route leads
" 2.11 Fire resistance 20 min. Between a fire sub-compartment and
between  sub- a protected fire sub-compartment
compartments located in another fire sub-
compartment
30 min. Between a protected fire sub-
compartment and another space
in the fire compartment
" " Resistance  to  R200 From a fire sub-compartment to
smoke penetra- a protected fire sub-compartment
tion located in another fire sub-
compartment.
From a fire sub-compartment to an
enclosed space through which an ex-
tra protected escape route leads.
From a protected fire sub-
compartment to another protected
fire sub-compartment is R200
" " Resistance  to Ra From a fire sub-compartment to an-

smoke penetra-
tion

other fire sub-compartment
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Sound from outside 3.1. Sound insulation 20 dB Characteristic sound insulation of res-
idential area
" Sound insulation 35dB(A) Industrial Noise
in case of indus-
trial, road or rail-
way noise
33dB(A) Railway or road noise
AND
> difference Between the highest permissible noise
exposure for industrial, road or rail-
way noise included in that decree
Reverberation 3.3. Reverberation >1/8V Total sound absorption of a closed
Limitation communal traffic space for opening
up a residential function that is adja-
cent to a non-communal space of a
residential function
Soundproofing be- 3.4. Characteristic >52dB Sound transmission from a confined
tween rooms air-sound  level space to a residential area of an ad-
difference  with jacent functional function on another
another plot plot
within residential
area
Sound transmission from a confined
space to a residential area of an adja-
cent residential function on the same
plot
" " Characteristic >52dB Sound transmission from a confined
air-sound  level space to a residential area of an adja-
difference  with cent residential function on the same
another  space plot
with residential
function within
the same plot in
aresidential area
" " Weighted con- <54dB Sound transmission from a confined
tact sound level space to a residential area of an adja-
between plots in cent use on another plot
residential area
" " Weighted contact <54 dB Sound transmission from a confined
noise level space to a residential area of an adja-
cent residential function on the same
plot
Moisture resistance 3.5 Protection of Watertight External partition construction of a
moisture  from NEN2778 residential area a toilet room or a

the outside

bathroom

Partition between a living area, a toilet
room or a bathing space, and a crawl
space

Internal partition construction of a
residential area, a toilet room or a
bathing room, that is not adjacent to
another residential area, another toi-
let room or another bathing room
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" " Average  Water <0.01 On bathroom wall up to a
Absorption height of 1.2 m above the floor
" " Maximum Water <0.2 [Inkg/(m2.s1/2)]
Absorption
" 3.10 Protection ) Structure has to be built in a
against rats way that prevents the intru-
and mice sion of rats and mice
NZEB 5.2. Energy Demand 65 If Als/Ag < 1.83
(Residential use
**)
55+30x% (Als/Ag - 1.5) If1.83 <Als/Ag<3
100+50x% (Als/Ag-3) IfAls/Ag=3
" ” Primary fossil 50 [Kw / m2 - yr] (-)
energy use (Resi-
dential use **)
” " Share of renew- 40 [%] )
able energy (Res-
idential use **)
Thermal Insulation 5.3. Thermal Resis- 4.7 [m2xK/W] For vertical external partition
tance
3.7 [m2 x K/W] For partition which forms the
separation with a crawl space
Sustainable Building 5.9. Environmental 0.8 Residences
Performance
(MPQG)

** When the simulations are performed in an apartment level (same use).
Otherwise, the weighted values must be calculated.

Table A.1: Building requirements according to Bouwbesluit 2012
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Abstract

The introduction of a new unstandardised material in the market is a complex procedure. The material
performances must be able to compensate for the difficulties and the risks associated with the lack of
applicational experience in order to attract the interest parties. Hempcrete is a natural, healthy, and
sustainable material with high performances in main aspects that define indoor comfort and
sustainability. However, despite its advantages, it has not yet established its place into the Dutch building
industry. This graduation study will account for a stimulation research for the developers and will cope
with the lack of produced and distributed knowledge on the material. Hempcrete’s use will be
approached in a multidimensional way as different aspects like the application requirements (e.g as a
fagade material), the energy performances, the indoor comfort regulation levels, financials (benefits and
losses e.g. net surface) and sustainability will be assessed by means of simulations and interviews.

The current interview will be a semi-structured interview and will focus on four main aspects::
- The properties of hempcrete
- Possible points of improvement
- The application of hempcrete in France
- The future of hempcrete in Europe after its standardisation

Interview Questions

1. Which are the most important benefits of hempcrete in your point of view?

( Regarding the hygrothermal performances of hempcrete, what are the relevant studies in which the university of Reims has been
focused on in order to investigate how aspects as conductivity, moisture content, density change depending on the RH? What other

aspects can be influenced by different levels of RH?),

2. Hempcrete is a very convertible material with properties that can differ remarkably according
to composition. Are there specific mixture compositions that the University of Reims has been

focusing on during the past years? What are the characteristics of these compositions?

(With the aim to influence which aspects? With what kind of intended use? Are the limits of other properties apart from those of
the governing ones are taken into account? Are any additives required? What performance you aim to achieve in the case of
hempcrete blocks? Are the environmental performances taken into account in the selection of those compositions? How does the
different components influence the LCA?

3. Biobased materials are regarded as sensitive to moisture, mould, pests, insects and fire. What

is the sensitivity of hempcrete regarding these risks?
(Are there other risks? Are there specific compositions or additives that can decrease or increase these risks?)

4. Are there any properties of hempcrete that require additional research in your point of view?
What happens in the case of application in the building industry?

(Which? Why? How?) ( Scientific research aims to cover all the different aspects, in what aspects should the research when it is
related to application in the market?)

5. In France, hempcrete related guidelines already exist (so standardisation is not an issue). Is
hempcrete often chosen for building projects?
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(Why/Why not?, What kind of projects, form of hempcrete in these projects? if not, is the regulation an issue? Would you say that
constructing with hempcrete has become a systematic procedure, Are still practical issues which are encountered in practice? What
is the role of the current regulation? )

6. What are the most common causes for the failure of hempcrete applications in France?

(What are the reasons behind those failures? What are the means to limit them? What are the types of proof of performances that
are required when hempcrete is used?)

7. Why hempcrete is not yet standardised in Europe in your point of view?
(What are the issues to overcome?)

8. Do you have any additional remarks or experience about the material that you would like to
share?

Figure A.1: Interview guide for the interview with Chadi Maalouf
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Abstract

The introduction of a new unstandardised material in the market is a complex procedure. The material
performances must be able to compensate for the difficulties and the risks associated with the lack of
applicational experience in order to attract the interest parties. Hempcrete is a natural, healthy, and
sustainable material with high performances in main aspects that define indoor comfort and
sustainability. However, despite its advantages, it has not yet established its place into the Dutch building
industry. This graduation study will account for a stimulation research for the developers and will cope
with the lack of produced and distributed knowledge on the material. Hempcrete’s use will be
approached in a multidimensional way as different aspects like the application requirements (e.g as a
fagade material), the energy performances, the indoor comfort regulation levels, financials (benefits and
losses e.g. net surface) and sustainability will be assessed by means of simulations and interviews.

The current interview will be a semi-structured interview and will focus on four main aspects:
- Type of projects and experience from practice
- Required process for projects in the Netherlands
- Properties of hempcrete, strengths limitations and procedures
- Clients concerns

Interview Questions

1. In how many projects and what types of projects have you participated? What is your

experience projects in the Netherlands?

(What kind of projects were they, how did you get this projects, form of hempcrete, place of hempcrete, were any Dutch projects,
what is the essential documentation for trading in the Netherlands, have you experienced any delay due to bureaucracy issues in
the Netherlands? Would you say that local requirements account for current barriers?)

2. Were there any projects that hempcrete was considered to be used but eventually another

material was selected? Why?
(What material was that? And for what reasons was it preferred?, how the choice was made?)

3. How did you cope with the absence of EAD for hempcrete?
(Do you intend to apply for an EAD in order to draw a DoP? Why do you not have already one?, How does the absence of DoP
affects the contractors?)

4. Hempcrete is a very convertible material (its properties can differ a lot depending to the

composition of the mixture). In what kind of mixtures have you been focusing on?
(with what intended use, what properties you aim to enhance?, did that had an influence on the environmental properties of the
material, what risks are limited with the current compositions, )

5. Hempcrete is biobased. How do you ensure that the hempcrete blocks have the expected
properties?
(Have hempcrete building sections been constructed, tested and monitored in different ambient conditions? , How is your quality
control set up?, what is the accepted difference between expected and actual values of the hempcrete blocks).
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6. What are the strongest points and risks of hempcrete as you have experienced in building

applications so far? How can you limit these risks?

(Are there any mould growth risks, any other risks(insects pests, fire safety)? How these risks are limited? Have tests been
performed to be able to incorporate the hygrothermal properties of hempcrete (e.g. conductivity, moisture content, density
changes due to RH, Is a high level of expertise required to limit these risk? )

7. What are your means to enhance the environmental performances of the material?

(Was the environmental footprint taken into account in the composition?, How the environmental performance is influenced by
the composition?)

8. What are your clients’ views regarding biobased materials?

(Are there any particular concerns? What distinguishes hempcrete from other biobased materials?)

9. Do you have any additional remarks or experience about the material that you would like to
share?

Figure A.2: Interview guide for the interview with ISOHEMP producers
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Abstract

The introduction of a new unstandardised material in the market is a complex procedure. The material
performances must be able to compensate for the difficulties and the risks associated with the lack of
applicational experience in order to attract the interest parties. Hempcrete is a natural, healthy, and sustainable
material with high performances in main aspects that define indoor comfort and sustainability. However,
despite its advantages, it has not yet established its place into the Dutch building industry. This graduation
study will account for a stimulation research for the developers and will cope with the lack of produced and
distributed knowledge on the material. Hempcrete’s use will be approached in a multidimensional way as
different aspects like the application requirements (e.g as a facade material), the energy performances, the
indoor comfort regulation levels, financials (benefits and losses e.g. net surface) and sustainability will be
assessed by means of simulations and interviews.

The current interview will be a semi-structured interview and will focus on four main aspects:

- Hempcrete projects in the Netherlands

- Required Documentation

- Material related challenges and current barriers
- Clients’ concerns

Interview Questions
1. Was it the first hempcrete project that you have participated?
(If not in what kind of other hempcrete projects have you participated? Was any other project where applying hempcrete was
considered but eventually a different choice was made? If yes, why? Who was the supplier?)

2. Why hempcrete in this specific design? Were there any other materials considered?
(Were these materials considered as a backup for the case that hempcrete was failing to fulfil the requirements? Which were those?
Why they were not chosen?)

3. What is required as a proof of performance (to get a building permit) for the municipality for

hempcrete projects?
(Would you say that collecting and preparing such documentation was demanding? What is the difference between such
documentation and the one required for conventionally built buildings?)

4. What were the types of performance assessment means?
(E.g. Simulations? on site monitoring? thermal conductivity in different relative humidity conditions? just for dry state?)

5. Does hempcrete perform as intended in the building applications?

(Were the final building physics results as expected? Did you experience any delay or unforeseen issue that needed to be resolved?)

6. What were the material related challenges and risks?
(sensibility to moisture, mould, insects, pests, fire, other risks? How can these risks be eliminated? Is it difficult?)

7. According to your experience which are the current barriers for using hempcrete in building

applications in the Netherlands?

(Availability of the material, liabilities, types of contract, municipality rules? Costs? Effects of lack in standardisation? What is the
role of the engineer when an unstandardised material is used for a project? For what kind of properties would you as an engineer
request for proof.? Eventually would you recommend hempcrete? Why/Why not?)



206 A. ANNEXES

8. Do clients express interest in hempcrete constructions? What are their concerns?

9. Do you have any additional remarks or experience about the material that you would like to share?

Figure A.3: Interview guide for the interview with Frank Lambregts - Renovation of the municipality of Voorst
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Abstract

The introduction of a new unstandardised material in the market is a complex procedure. The material
performances must be able to compensate for the difficulties and the risks associated with the lack of
applicational experience in order to attract the interest parties. Hempcrete is a natural, healthy, and
sustainable material with high performances in main aspects that define indoor comfort and
sustainability. However, despite its advantages, it has not yet established its place into the Dutch building
industry. This graduation study will account for a stimulation research for the developers and will cope
with the lack of produced and distributed knowledge on the material. Hempcrete’s use will be
approached in a multidimensional way as different aspects like the application requirements (e.g as a
fagade material), the energy performances, the indoor comfort regulation levels, financials (benefits and
losses e.g. net surface) and sustainability will be assessed by means of simulations and interviews.

The current interview will focus on three main aspects:

- Hempcrete projects in the Netherlands
- Material related advantages, challenges and current barriers
- Current interest for hempcrete in the Netherlands

Interview Questions

1. What is the interest for hempcrete in the Netherlands?
(In what kind of projects hempcrete is primary used? How often? In which form (in situ/prefabricated)? Why?)

2. Were there any projects that you know in which hempcrete was considered to be applied but

eventually a different choice was made? If yes, why?
(Which were the alternatives? Why?)

3. Apart from the indoor comfort (moisture buffering capacity, thermal comfort, acoustics) and a

low MPG, is hempcrete associated with other benefits?
(For which reason(s) would you recommend hempcrete?)

4. What are the technical challenges and risks related to the nature of the material and its
application?
( Degradation by fire, moisture accumulation, mould, insects and pest, other? How can these risks be eliminated? Is it difficult?)

5. What are the required proof of performances related to hempcrete that need to be handed to the

local authorities to acquire a building permit?
(Would you say that the bureaucracy for the case of hempcrete is demanding in comparison to other conventional materials?)

6. Do hempcrete buildings in the Netherlands perform as expected?
(Are there any monitored hempcrete buildings in the Netherlands? By what kind of (other) means is ensured that hempcrete
buildings perform as expected? What are the main types of hempcrete failures in building applications in the Netherlands?)

7. According to your experience which are the current barriers for using hempcrete in building
applications in the Netherlands? Is the material sufficiently available in the Netherlands in your
point of view?
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(Availability of the material / liabilities / types of contract / municipality rules / Costs / Possible delays / Effects of lack in
standardisation?

What is the role of the engineer when an unstandardised material is used for a project? For what kind of properties would you
request for proof?)

8. How can the absence of standardisation affect the involved parties in case of a damage in terms
of liabilities?

9. Are there any aspects of hempcrete that need to be further explored in your point of view? Is
there any additional information related to hempcrete that you would like to know?

10. In your experience which are the main concerns of the interest parties when considering the
application of hempcrete?

11. Why hempcrete is not yet more widely applied? What are the issues that it needs to overcome?

12. Do you have any additional remarks or experience about the material that you would like to
share?
Figure A.4: Interview guide for the interview with Ralf van Tongeren - Specialised architect in biobased design
and Secretariat of the Dutch hempcrete association
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Temperature - Hourly Average

i meseseseeenee

ii:eesesecee
Ciiioessessese

Temperature

eeeePers5Min
Hourly Average
0 5000 10000 Hourly sequence 15000 20000 25000

Figure A.6: Bathroom - Plotted values for Temperature (01/03/2019-30/05/2019)- per 5 minutes and hourly
average
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Figure A.7: Bathroom - Plotted values for Temperature (01/06/2019-19/08/2019)- per 5 minutes and hourly
average
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Figure A.8: Bathroom - Plotted values for RH (01/03/2019-30/05/2019)- per 5 minutes and hourly average
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Figure A.9: Bathroom - Plotted values for RH (01/06/2019-19/08/2019)- per 5 minutes and hourly average
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Figure A.10: Bathroom - Plotted values for Temperature (01/03/2019-30/05/2019)- per 5 minutes and once
per hour
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Figure A.11: Bathroom - Plotted values for Temperature (01/06/2019-19/08/2019)- per 5 minutes and once
per hour
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Humidity - Once per hour
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Figure A.12: Bathroom - Plotted values for RH (01/03/2019-30/05/2019)- per 5 minutes and once per hour
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Figure A.13: Bathroom - Plotted values for RH (01/06/2019-19/08/2019)- per 5 minutes and once per hour
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Figure A.14: Bathroom - Plotted values for Temperature (01/03/2019-30/05/2019)- per 5 minutes and maxi-
mum hourly values
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Figure A.15: Bathroom - Plotted values for Temperature (01/06/2019-19/08/2019)- per 5 minutes and maxi-
mum hourly values
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Figure A.16: Bathroom - Plotted values for RH (01/03/2019-30/05/2019)- per 5 minutes and maximum hourly
values

Humidity - Maximum value per hour

eeeepPer5Min

Max Value per hour
0 5000 10000 Hourly Sequence 15000 20000 25000

Figure A.17: Bathroom - Plotted values for RH (01/06/2019-19/08/2019)- per 5 minutes and maximum hourly
values
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Figure A.18: Isopleths on the inner side of the spruce column - Detail 2.
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Figure A.19: Isopleths on the side of the spruce supporting frame towards the exterior. - Detail 1
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Figure A.20: Isopleths on the inner side of the spruce supporting frame. - Detail 1
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Hempcrete Fagade - Total impact PRODUCTION CONSTRUCTION PHASE USE PHASE END OF LIFE BENEFITS

AL A2 A3 A4 AS B1 B2 B3 B4 85 86 87 c1 [} =) ca D
GWP-Total kg CO2eq/UF 1.98E+03 B.08E+02 -4.00E+03| O.00E+00  9.55E+02 |-1.63E+03 O0.00E+00 0.00E+00 0.00E+00 O.00E+00 0.00E+00 O0.00E+00| 6.14E+01 2.02E+02 2.89E+03 6.64E+03 | -4.74E+02
GWP-Fossil kg CO2eq/UF 7326403 8.08E+02 -2.30E+03| O0.00E+00  5.88E+02 |-163E+03 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 O0.00E+00| 6.14E+01 2.02E+02 8.06E+01 1.55E+02 | -1.80E+03
GWP-Biogeneic kg CO2eq/UF -930E403 4.43E01 -170E403| 0.00E+00  3.686+02 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00| 2.60E-02 1.59E-01 2.826+03 6.49E+03| 1.326+03
GWP-Luluc kg CO2eq/UF 5.60E+400 2.46E-01 110E-01| 0.00E+00  2.37E-01 | 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 O0.00E+00| 8.71E-03 1.67E-01 2.20E-02 2.55E-02 | -L1SE+00
opp kg CFC 11 eq/UF 395604 1.79E-04 190E-05 | 000E+00  5.21E-05 | 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.35E-05 4.11E-05 7.64E-06 1.02E-05 | -1.15E-04
AP mol Heeq/UF 3656401 2.79E400 6.79E-01 | 0.00E+00  2.49E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 O0.00E+00| 6.56E-01 6.94E-01 7.71E-01 4.99E400 | -3.44E+00
EP-Freshwater kg P eq/UF 5.66E-01 5.85E-04 3.99E-03 | 0.00E+00  2.83E-02 | 0.00E+00 O0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 O0.00E+00| 5.13£-05 1.93E-04 167E-04 2.36E-03 | -1.89E-02
Ep-Seawater kg N eq/UF 1.82E+01 9.13E-01 1.67E-01 | 0.00E+00  1.08E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 | 2.94E-01 2.32E-01 2.85E-01 3.65E-01 | -1.04E+00
EP-land mol N eq/UF 1276402 1016401 2.11E+00| 0.00E400  8.58E+00 | 0.00E+00 0.00E+00 O.00E+00 0.00E+00 0.00E+00 O.00E+00 0.00E+00 | 3.23E+00 2.57E+00 3.68E+00 2.05E+01| -1.05E+01
POCP kgNMVOCeq/UF | 119E+01 2.68E+00 6.17E-01 | 0.00E+00  1.10E+00 | 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 | 8.82£-01 6.63E-01 8.07E-01 1.49E+00| -2.86E+00
ADP-Elements kg Sb eq/UF 8.04E-04 4.90E-05 2.26E-04 | 000E+00  9.87E-05 | 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00| 2.70E-05 1.29E-05 2.02E-05 3.71E-05 | -4.31E-04
ADP -Comb.& f.f. MI/UF 4.09E404 1.14E+04 3.20E403| 0.00E+00  4.49E+03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 O.00E+00 | 8.49E+02 2.84E+03 138E+03 1.03£403| -3.486+04
wpP Prev. water inm3/UF_| 5.88E+02 -1.98E+00 3.25E+01| 0.00E+00  4.526+01 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.74E-01 -2.79E-01 3.52E+02 2.81E+00| -1.41E+02
PRODUCTION CONSTRUCTION PHASE USE PHASE END OF LIFE BENEFITS

UF Hempcrete Fagade

AL A2 A3 Ad AS B1 82 B3 B4 85 86 87 c1 [} a3 ca D
GWP-Total g CO2eq/UF 150E+01 5.81E+00 -2.87E+01| O.00E+00  6.86E+00 |-1.17E+01 O.00E+00 0.00E+00 0.00E+00 O.00E+00 0.00E+00 O.00E+00| 4.41E-01 1.46E+00 2.16E+01 4.77E+01| -3.72E+00
GWP-Fossil kg CO2eq/UF 5266401 5.81E+00 -1.65E+401| 0.00E+00  4.22E+00 |-1.17E+01 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 O0.00E+00| 4.41E-01 1.46E+00 5.93E-01 1.11E+00| -132E+01
GWP-Biogeneic kg CO2eq/UF -6.76E+01 3.22E-03 -1.22E401| O0.00E+00  2.64E+00 | 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 188E-04 1.16E-03 2.11E+01 4.66E+01| 9.48E+00
GWP-Luluc kg CO2eq/UF 407602 184E-03 7.91€-04 | 0.00E+00  1.70E-03 | 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 O.00E+00 0.00E+00 | 6.48E-05 1.256-03 1.60E-04 1.83€-04 | -8.296-03
oop kg CFC 11 eq/UF 284606 1.28E-06 136E-07 | 0.00E+00  3.74E-07 | 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 O0.00E+00| 9.70E-08 2.95E-07 5.49E-08 7.326-08 | -8.23€-07
AP mol Hreq/UF 262601 2.01E-02 4.89E-03 | 000E+00  1.79E-02 | 0.00E+00 O0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00| 4.71E-03 5.01E-03 5.68E-03 3.58E-02 | -2.51E-02
EP-Freshwater kg P eq/UF 407603 4.246-06 2.89E-05 | 0.00E+00  2.03E-04 | 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 O.00E+00 0.00E+00 | 3.70E-07 141E-06 122606 1.70E-05 | -1.36E-04
Ep-Seawater kg N eq/UF 131601 657603 121E-03 | 0.00E+00  7.77E-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O.00E+00 0.00E+00 0.00E+00 | 2.11E-03 168E-03 2.09E-03 2.62E-03 | -7.60E-03
EP-land mol N eq/UF 9.09E-01 7.24E-02 152602 | 000E+00  6.16E-02 | 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00| 2.326-02 1.86E-02 2.71E-02 1.47E-01| -7.69E-02
POCP kg NMVOC eq/UF | 8.55E-02 1.936-02 4.45€-03 [ 0.00E+00  7.91E-03 | 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 O.00E+00 0.00E+00 | 6.33E-03 4.786-03 5.926-03 1.07€-02 | -2.086-02
ADP-Elements kg Sb eq/UF 582606 3.53E-07 162606 | 0.00E+00  7.09E-07 | 0.00E+00 O0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.94E-07 9.34E-08 147E-07 2.67E-07 | -3.14E-06
ADP -Comb.& f.. MI/UF 2946402 8.20E+01 2.30E+01| O0.00E+00  3.22E+01 | 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 6.10E+00 2.05E+01 101E+01 7.41E+00 | -2.55E+02
woP Prev. water inm3/UF_| 4.226+00 -1.41E-02 2.34E-01 | 0.00E+00  3.25E-01 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.26E-03 -1.92E-03 2.63E+00 2.02E-02 | -1.02E+00
UF Hempcrete Fagade - Hempcrete related PRODUCTION CONSTRUCTION PHASE USE PHASE END OF LIFE BENEFITS

impact AL A2 A3 A4 AS 81 82 B3 B4 85 86 87 c1 [} c3 ca D
GWP-Total kg CO2eq/UF 5.49E+00 5.53E+00 -2.88E+01| O0.00E+00  6.82E+00 |-L17E+01 O0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00| 4.32E-01 1.28E+00 2.34E-01 4.77E+01| 4.27E+00
GWP-Fossil kg CO2eq/UF 5.21E401 5.53E+400 -1.66E+01| 0.00E+00  4.18E+00 |-1.17E+01 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 O0.00E+00| 4.326-01 1.28E400 2.326-01 1.11E400| -5.256+00
GWP-Biogeneic kg CO2eq/UF -4.66E401 2.27E-03 -1.22E401| 0.00E+00  2.64E+00 | 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 O.00E+00 0.00E+00 O0.00E+00| 157E-04 5.22E-04 2.74E-03 4.66E+01| 9.526+00
GWP-Luluc kg CO2eq/UF 284602 4.38E-05 7.52604 | 000E+00  1.70E-03 | 0.00E+00 O0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00| 6.26E-06 1.01E-05 1.12E-04 1.83-04 | -7.43€-03
opp kg CFC 11 eq/UF 274606 1.28E-06 136E-07 | 0.00E+00  3.74E-07 | 0.00E+00 O0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 O0.00E+00| 9.70E-08 2.95€-07 5.49E-08 7.326-08 | -8.23€-07
AP mol Heeq/UF 259601 191E-02 4.44E-03 | 000E+00  1.79E-02 | 0.00E+00 O0.00E+00 0.00E+00 O.00E+00 0.00E+00 0.00E+00 O0.00E+00| 4.67E-03 4.41E-03 2.126-03 3.58E-02 | -1.48E-02
EP-Freshwater kg P eq/UF 395603 3.29E-06 2.16E-05 | 0.00E+00  2.03E-04 | 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00| 3.39E-07 7.57E-07 7.63E-07 1.70E-05 | -1.26E-04
Ep-Seawater kg N eq/UF 129E-01 6.14E-03 1026-03 | 0.00E+00  7.77E-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O.00E+00 0.00E+00 0.00E+00 | 2.09E-03 141E-03 9.25€-04 2.62€-03 | -4.79E-03
EP-land mol N eq/UF 893601 6.76E-02 132602 | 0.00E+00  6.16E-02 | 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00| 2.30E-02 1.55E-02 1O01E-02 1.47E-01| -4.67€-02
POCP kgNMVOCeq/UF | 7.68E-02 1.84E-02 3.91€-03 [ 0.00E+00  7.90E-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 | 6.28E-03 4.256-03 2.776-03 1.07E-02 | -1.29E-02
ADP-Elements kg Sb eq/UF 4.54E-06  3.266-07 1.59€-06 | 0.00E+00  7.086-07 | 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 O.00E+00 0.00E+00 | 1.93E-07 7.50E-08 1.01E-07 2.67€-07 | -196E-06
ADP -Comb.& f.f. MI/UF 2.86E+402 7.83E+01 2.07E+01| O0.00E+00  3.22E+01 | 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 | 5.99E+00 1.80E+01 4.88E+00 7.41E+00 | -1.20E+02
wpP Prev. water inm3/UF_| 4.14E+00 -1.72E-02 2.19E-01 | 0.00E+00 _ 3.21E-01 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.16E-03 -3.97E-03 2.19E-02  2.02E-02 | -9.34E-01
UF Hempcrete Fagade - Timber related PRODUCTION CONSTRUCTION PHASE USE PHASE END OF LIFE BENEFITS

impact AL A2 A3 Ad AS B1 B2 B3 B4 85 86 B7 c1 [} =] ca
GWP-Total kg CO2eq/UF 2.05E401 2.81E01 121E-01| OO0OE+00  4.55E-02 | 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00| 9.126-03 1.85E-01 2.14E+01 0.00E+00| -8.00E+00
GWP-Fossil kg CO2eq/UF 514601 2.78E-01 121E-01| 000E+00  4.55E-02 | 0.00E+00 O0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00| 9.01E-03 1.83E-01 3.61E-01 0.00E+00| -7.97E+00
GWP-Biogeneic kg CO2eq/UF 2.10E401 9.47E-04 278604 | 0.00E+00  2.59E-06 | 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00| 3.056-05 6.42E-04 2.10E+01 0.00E+00| -4.25E-02
GWP-Luluc kg CO2eq/UF 123602 179603 3.93E-05 | 0.00E+00  143E-06 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O.00E+00 0.00E+00 0.00E+00 | 5.86E-05 1.24E-03 4.76E-05 0.00E+00| -8.64E-04
opp kg CFC 11 eq/UF 103E-07 263614 6.18E-10 | 0.00E+00  233E-15 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 | 8.53E-16 1.80E-14 1.89E-12 0.00E+00| -5.27E-11
AP mol Heeq/UF 358603 9.76E-04 4.49E-04 | 0.00E+00  5.16E-06 | 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 O0.006+00| 4.36E-05 5.96E-04 3.56E-03 0.00E+00| -1.03E-02
EP-Freshwater kg P eq/UF 121€-04 952607 7.386-06 | 0.00E+00  1.26E-09 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O.00E+00 0.00E+00 0.00E+00 | 3.10E-08 6.55E-07 4.52E-07 0.00E+00| -1.08E-05
Ep-Seawater kg N eq/UF 149E-03 431604 186E-04 | 0.00E+00  130E-06 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 | 2.04E-05 2.70E-04 1.17E-03 0.00E+00| -2.81E-03
EP-land mol N eq/UF 1.56E-02 4.81E-03 201E-03 | 0.00E+00  2.44E-05 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 | 2.27E-04 3.056-03 1.69E-02 0.00E+00| -3.02€-02
POCP kgNMVOCeq/UF | 8.75E-03 8.83E-04 5.48E-04 | 0.00E+00  3.53E-06 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 | 5.72E-05 5.35E-04 3.16E-03 0.00E+00| -7.89E-03
ADP-Elements kg Sb eq/UF 1.28E-06 273608 3.26E-08 | 0.00E+00  7.65E-11 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 | 8.75E-10 1.85E-08 4.60E-08 0.00E+00| -1.18E-06
ADP -Comb.& f.f. MI/UF 7.65E400 3.74E400 2.40E+00| O0.00E+00  8.48E-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 O0.00E+00| 1.14E-01 2.40E+00 5.226+00 0.00E+00 | -1.35E+02
wpP Prev. waterinm3/UF | 8.53£-02  3.136-03 1.526-02 | 0.00E+00 _ 4.15E-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 9.71E-05  2.05E-03 2.61E+00 0.00E+00| -8.18E-02
- PRODUCTION CONSTRUCTION PHASE USE PHASE END OF LIFE BENEFITS
UF Hempcrete - Load bearing internal walls

AL A2 A3 A4 AS B1 82 B3 B4 85 86 87 c1 [} a3 ca D
GWP-Total kg CO2eq/UF 165E+01 1.13E+00 -4.57E+00| O.00E+00  1.14E+00 |-1.89E+00 O.00E+00 0.00E+00 0.00E+00 O0.00E+00 O.00E+00 0.00E+00| 6.99E-02 2.06E-01 3.80E-02 7.72E+00| 6.92E-01
GWP-Fossil kg CO2eq/UF 8.876+400 1.13E+00 -2.59E+00| O0.00E+00  7.15E-01 |-L89E+00 0.00E+00 0.00E+00 0.00E+00 O.00E+00 0.00E+00 0.00E+00 | 6.99E-02 2.06E-01 3.75€-02 1.80E-01 | -8.51E-01
GWP-Biogeneic kg CO2eq/UF -254E401 1.17E-03 -1.98E+400| O0.00E+00  4.28E-01 | 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 2.54E-05 8.4SE-05 4.43E-04 7.55E400| 1.54E+00
GWP-Luluc kg CO2eq/UF 1.50E-02 153603 1556-04 | 0.00E+00  2.76E-04 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O.00E+00 0.00E+00 0.00E+00 | 1.O1E-06 1.63E-06 1.82€-05 2.97€-05 | -1.20E-03
opp kg CFC 11 eq/UF 530607 2.08E-07 225608 | 0.00E+00  6.06E-08 | 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.57E-08 4.78E-08 8.88E-09 1.19E-08 | -1.33€-07
AP mol Hreq/UF 4.49E-02 3.926-03 1.10E-03 [ 0.00E+00  2.90E-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 | 7.56E-04 7.14E-04 3.43E-04 5.80E-03 | -2.40E-03
EP-Freshwater kg P eq/UF 743604 134E06 9.74E-06 | 0.00E+00  3.29E-05 | 0.00E+00 O0.00E+00 0.00E+00 O.00E+00 0.00E+00 0.00E+00 O0.00E+00| 5.48E-08 1.23E-07 124€-07 2.75E-06 | -2.04€-05
Ep-Seawater kg N eq/UF 222602 1.36E-03 323604 | 000E+00  1.26E-03 | 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 O0.00E+00| 3.39E-04 2.28E-04 1S5OE-04 4.25E-04 | -7.76E-04
EP-land mol N eq/UF 1.58E-01 150E-02 3.84E-03 | 0.00E+00  1.00E-02 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 | 3.72E-03 2.526-03 1.64E-03 2.38E-02 | -7.56E-03
POCP kgNMVOCeq/UF | 1.98E-02 3.736-03 1.10E-03 | 0.00E+00  1.28E-03 | 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 O.00E+00 0.00E+00 | 1.02E-03 6.886-04 4.48E-04 1.73£-03 | -2.096-03
ADP-Elements kg Sb eq/UF 1.82E-06 7.59E-08 2.85E-07 | 0.00E+00  1.15E-07 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O.00E+00 0.00E+00 0.00E+00 | 3.13E-08 121E-08 1.63E-08 4.326-08 | -3.17E-07
ADP -Comb.& f.f. MI/UF 5.29E+401 1.59E+01 5.37E+00| O0.00E+00  5.23E+00 | 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00| 9.70E-01 2.92E+00 7.91E-01 1.20E400 -L95E+01
wpP Prev. waterinm3/UF | 7.43E-01 -1.42E-04 4.83E-02 | 0.00E+00  5.54E-02 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.006+00 | 1.88E-04 -6.43E-04 3.556-03 3.27E-03 | -1.51E-01
) PRODUCTION CONSTRUCTION PHASE USE PHASE END OF LIFE BENEFITS

UF Hempcrete - Separation walls

Al A2 A3 A4 AS 81 82 B3 84 85 86 87 c1 [} c3 ca D
GWP-Total kg CO2eq/UF 3.75E400 1.24E+00 -6.09E+00| O0.00E+00  1.46E+00 |-2.48E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00| 9.16E-02 2.71E-01 4.97E-02 1.01E+01| 9.07E-01
GWP-Fossil kg CO2eq/UF 1126401 1246400 -3.506+00| 0.00E400  8.97E-01 |-2.48E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 O.00E+00 0.00E+00 | 9.16E-02 2.71E-01 4.926-02 2.36E-01 | -1.11E+00
GwP-Biogeneic kg CO2eq/UF -149E+01 7.09E-04 -2.59£400| O0.00E+00  5.60E-01 | 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 3.336-05 1.11E-04 5.81E-04 9.89E+00| 2.02E+00
GWP-Luluc kg CO2eq/UF 897603 4.39E-04 169E-04 | 000E+00  3.60E-04 | 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.33E-06 2.13E-06 2.38E-05 3.89E-05 | -1.58E-03
opp kg CFC 11 eq/UF 6.066-07 2.72E-07 2.89E-08 | 0.00E+00  7.956-08 | 0.00E+00 O0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 O0.00E+00| 2.06E-08 6.27€-08 1.16E-08 1.55E-08 | -1.75€-07
AP mol Hreq/UF 557602 4.29E03 105603 | 0.00E+00  3.79E-03 | 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 O0.00E+00| 9.91E-04 9.36E-04 4.50E-04 7.60E-03 | -3.14€-03
EP-Freshwater kg P eq/UF 867604 9.25E-07 6.34E-06 | 0.00E+00  4.31E-05 | 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00| 7.18E-08 1.61E-07 1.62E-07 3.60E-06 | -2.67E-05
Ep-Seawater kg N eq/UF 278602 1.41E-03 262604 | 000E+00  1.65E-03 | 0.00E+00 O0.00E+00 0.00E+00 O.00E+00 0.00E+00 0.00E+00 O0.00E+00| 4.44E-04 2.99E-04 196E-04 5.56E-04 | -1.02€-03
EP-land mol N eq/UF 193601 155602 3.286-03 | 0.00E+00  131E-02 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 | 4.88E-03 3.30E-03 2.1SE-03 3.126-02 | -9.91E-03
poCP kgNMVOCeq/UF | 1.84E-02 4.126-03 9.60E-04 [ 0.00E+00  168E-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 | 1.33E-03 9.01E-04 5.87E-04 2.27E-03 | -2.74E-03
ADP-Elements kg Sb eq/UF 127606 7.576-08 3.456-07 | 0.00E+00  1.50E-07 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O.00E+00 0.00E+00 0.00E+00 | 4.10E-08 1.59E-08 2.13E-08 5.66€-08 | -4.15E-07
ADP -Comb.& f.f. MI/UF 6.26E+401 1.75E+01 4.96E+00| O0.00E+00  6.84E+00 | 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00| 1.27E+00 3.83E+00 1.04E+00 1.57E+00| -2.55E+01
wpP Prev. water inm3/UF | 8.99E-01 -2.91E-03 5.01E-02 | 0.00E+00  6.90E-02 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 2.46E-04 -8.42E-04 4.65E-03 4.29E-03 | -1.98E-01

Figure A.22: Environmental impact - Hempcrete walls
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PRODUCTION CONSTRUCTION PHASE USE PHASE END OF LIFE BENEFITS
AAC Fagade - Total impact

AL-A3 A4 AS B1 B2 B3 84 BS B6 87 c1 ] a3 ca D
GWP-Total kg CO2eq/UF 1.24E+04 0.00E+00  1.39E+03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 [ 9.72E+01 1.35E+02 1.09E+02 1.25E+01| -2.27E+02
GWP-Fossil kg CO2eq/UF 1.25E+04 0.00E+00  8.49E+02 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 9.72E+01 1.34E+02 1.09E+02 1.25E+01| -2.27E+02
GWP-Biogeneic kg CO2eq/UF -8.33E+01 0.00E+00  5.37E+02 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 2.71E-02 9.79E-02 3.03E-02 2.47E-02 | -4.08E-01
GWP-Luluc kg CO2eq/UF 4.41E+01 0.00E+00  3.45E-01 | 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 O0.00E+00| 8.21E-03 4.04E-02 9.20E-03 3.70E-03 | -8.47E-02
opp kg CFC 11 eq/UF 8.49E-04 0.00E+00  7.61E-05 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 | 2.10E-05 3.16E-05 2.35E-05 5.13E-06| -7.69E-05
AP mol Heeq/UF 2.99E+01 0.00E+00  3.63E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 1.02E+00 5.64E-01 1.14E+00 1.18E-01 | -1.87E+00
EP-Freshwater kg P eq/UF 1.18E+00 0.00E+00  4.12E-02 | 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 O0.00E+00| 3.94E-04 1.09E-03 4.40E-04 1.50E-04 | -2.95E-03
Ep-Seawater kg N eq/UF 6.28E+00 0.00E+00  1.58E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 4.50E-01 1.70E-01 5.03E-01 4.07E-02 | -6.52E-01
EP-land mol N eq/UF 8.54E+01 0.00E+00  1.256+01 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 | 4.94E+00 1.88E+00 5.51E+00 4.48E-01 | -7.16E+00
poCP kg NMVOC eq/UF 2.37E+01 0.00E+00  161E+00 | 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.36E+00 6.04E-01 1.52E400 1.30E-01 | -2.07E+00
ADP-Elements kg Sb eq/UF 1.13E-01 0.00E+00  1.44E-04 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.49E-04 229E-03 1.66E-04 1.14E-04 | -3.21E-03
ADP -Comb.& f.f. MI/UF 8.40E+04 0.00E+00  6.55E+03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 1.34E+03 2.09E+03 1.50E+03 3.48E+02 | -5.28E+03
WDP Prev. water in m3/UF 1.63E+03 0.00E+00 _ 6.51E+01 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 2.50E+00 7.75E+00 2.79E+00 1.61E+01| -1.91E+02
UF AAC Facade PRODUCTION CONSTRUCTION PHASE USE PHASE END OF LIFE BENEFITS

A1-A3 A4 As B1 B2 B3 B4 BS B6 B7 c1 ] =] c4 D
GWP-Total kg CO2eq/UF 8.88E+01 0.00E+00  9.93E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 [ 6.97E-01 9.65E-01 7.82E-01 8.95E-02 | -1.63E+00
GWP-Fossil kg CO2eq/UF 8.93E+01 0.00E+00  6.08E+00 | 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 O0.00E+00 0.00E+00| 6.97E-01 9.61E-01 7.826-01 8.95E-02 | -1.626+00
GWP-Biogeneic kg CO2eq/UF -5.97E-01 0.00E+00  3.85E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.956-04 7.02E-04 2.17E-04 1.77E-04 | -2.92€-03
GWP-Luluc kg CO2eq/UF 3.16E-01 0.00E+00  2.47E-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 | 5.89E-05 2.90E-04 6.59E-05 2.65E-05 | -6.08E-04
opp kg CFC 11 eq/UF 6.09E-06 0.00E+00  5.46E-07 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.51E-07 2.27E-07 169E-07 3.68E-08 | -5.51E-07
AP mol Hseq/UF 2.15E-01 0.00E+00  2.60E-02 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 7.30E-03 4.05E-03 8.15E-03 8.48E-04 | -1.34E-02
EP-Freshwater kg P eq/UF 8.44E-03 0.00E+00  2.96E-04 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 2.83E-06 7.82E-06 3.16E-06 1.08E-06 | -2.11E-05
Ep-Seawater kg N eq/UF 4.51E-02 0.00E+00  1.13E-02 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 [ 3.23E-03 1.22E-03 3.60E-03 2.92E-04 | -4.67E-03
EP-land mol N eq/UF 6.12E-01 0.00E+00  8.97E-02 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 | 3.54E-02 1.35E-02 3.956-02 3.21E-03 | -5.13E-02
POCP kg NMVOC eq/UF 1.70E-01 0.00E+00  1.15E-02 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 9.75E-03 4.33E-03 1.09E-02 9.33E-04 | -1.48E-02
ADP-Elements kg Sb eq/UF 8.13E-04 0.00E+00  1.03E-06 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 1.07E-06 1.64E-05 1.19E-06 8.1SE-07 | -2.30E-05
ADP -Comb.& f.f. MI/UF 6.02E+02 0.00E+00  4.70E+01 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 9.61E+00 1.50E+01 1.07E+01 2.50E+00 | -3.78E+01
WDP Prev. water in m3/UF 1.17E+01 0.00E+00 __ 4.67E-01 | 0.00E+00 0.00E+00 0.00E+00 _0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.79E-02 5.56E-02 2.00E-02 _1.15E-01 | -1.37E+00
UF AAC Fagade -AAC related impact PRODUCTION CONSTRUCTION PHASE USE PHASE END OF LIFE BENEFITS

A1-A3 A4 AS B1 B2 B3 B4 BS B6 B7 c1 o] <] ca D
GWP-Total kg CO2eq/UF 7.16E+01 0.00E+00  9.93E+00 | 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 [ 6.97E-01 9.65E-01 7.82E-01 8.95E-02 | -1.63E+00
GWP-Fossil kg CO2eq/UF 7.21E+01 0.00E+00  6.08E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 6.97E-01 9.61E-01 7.82E-01 8.95E-02 | -1.62E+00
GWP-Biogeneic kg CO2eq/UF -6.12€-01 0.00E+00  3.85E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 1.956-04 7.02E-04 2.17E-04 1.77E-04 | -2.92E-03
GWP-Luluc kg CO2eq/UF 2.72E01 0.00E+00  2.47E-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 5.89E-05 2.90E-04 6.59E-05 2.65E-05 | -6.08E-04
opp kg CFC 11 eq/UF 4.16E-06 0.00E+00  5.46E-07 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.51E-07 227E-07 1.69E-07 3.68E-08 | -5.51E-07
AP mol Heeq/UF 1.65E-01 0.00E+00  2.60E-02 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 7.30E-03 4.05E-03 8.15E-03 8.48E-04 | -1.34E-02
EP-Freshwater kg P eq/UF 7.54E-04 0.00E+00  2.96E-04 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 | 2.83E-06 7.82E-06 3.16E-06 1.08E-06 | -2.11E-05
Ep-Seawater kg N eq/UF 4.48E-02 0.00E+00  1.13E-02 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 3.23E-03 1.22E-03 3.60E-03 2.92E-04 | -4.67E-03
EP-land mol N eq/UF 5.23E01 0.00E+00  8.97E-02 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 | 3.54E-02 135E-02 3.956-02 3.21E-03 | -5.13E-02
POCP kg NMVOC eq/UF 137E-01 0.00E+00  1.15E-02 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 9.75E-03 4.33E-03 1.09E-02 9.33E-04 | -1.48E-02
ADP-Elements kg Sb eq/UF 6.41E-04 0.00E+00  1.03E-06 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.07E-06 1.64E-05 1.19E-06 8.15E-07 | -2.30E-05
ADP Comb.& f.f. MI/UF 4.85E+02 0.00E+00  4.70E+01 | 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 9.61E+00 1.50E+01 1.07E+01 2.50E+00 | -3.78E+01
WDP Prev. water in m3/UF 9.37E+00 0.00E+00 __ 4.67E-01 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.79E-02 5.56E-02 2.00E-02 _1.15E-01 | -1.37E+00
UF AAC Fagade - Mortar related impact PRODUCTION CONSTRUCTION PHASE USE PHASE END OF LIFE BENEFITS

AL-A3 A4 AS B1 B2 B3 B4 BS B6 B7 c1 [*] <] ca D
GWP-Total kg CO2eq/UF 1.72E401 0.00E+00  0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 [ 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00
GWP-Fossil kg CO2eq/UF 1.72E401 0.00E+00  0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
GWP-Biogeneic kg CO2eq/UF 1.53E-02 0.00E+00  0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
GWP-Luluc kg CO2eq/UF 4.40E-02 0.00E+00  0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
opp kg CFC 11 eq/UF 1.93E-06 0.00E+00  0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
AP mol Heeq/UF 4.97E-02 0.00E+00  0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
EP-Freshwater ke P eq/UF 7.69E-03 0.00E+00  0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
Ep-Seawater kg N eq/UF 2.66E-04 0.00E+00  0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
EP-land mol N eq/UF 8.92E-02 0.00E+00  0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
POCP kg NMVOC eq/UF 3.29E:02 0.00E+00  0.00E+00 | 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
ADP-Elements kg Sb eq/UF 1.72E-04 0.00E+00  0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
ADP -Comb.& f.f. MI/UF 1.17€+02 0.00E+00  0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
wDP Prev. water in m3/UF 2.35E+00 0.00E+00 __ 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
} PRODUCTION CONSTRUCTION PHASE USE PHASE END OF LIFE BENEFITS

UF AAC - Load bearing internal walls

AL-A3 A4 AS B1 B2 B3 84 [ B6 87 c1 ] a3 ca D
GWP-Total kg CO2eq/UF 3.05E+01 0.00E+00  3.41E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 [ 2.40E-01 332E-01 2.69E-01 3.08E-02 | -5.60F-01
GWP-Fossil kg CO2eq/UF 3.07E+01 0.00E+00  2.09E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 2.40E-01 3.30E-01 2.69E-01 3.08£-02 | -5.58E-01
GWP-Biogeneic kg CO2eq/UF -2.05E-01 0.00E+00  1.32E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 6.69E-05 2.41E-04 7.46E-05 6.09E-05 | -1.01E-03
GWP-Luluc kg CO2eq/UF 1.09E-01 0.00E+00  8.50E-04 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 | 2.02E-05 9.96E-05 2.27E-05 9.11E-06 | -2.09E-04
opp kg CFC 11 eq/UF 2.09E-06 0.00E+00  1.88E-07 | 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 5.18£-08 7.79E-08 5.80E-08 1.26E-08 | -1.89€-07
AP mol Heeq/UF 7.37E-02 0.00E+00  8.95E-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 2.51E-03 1.39E-03 2.80E-03 2.91E-04 | -4.61E-03
EP-Freshwater kg P eq/UF 2.90E-03 0.00E+00  LO2E-04 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 9.71E-07 2.69E-06 1.08E-06 3.71E-07 | -7.27E-06
Ep-Seawater kg N eq/UF 1.55E-02 0.00E+00  3.89E-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.11E-03 4.19E-04 1.24E-03 100E-04 | -1.61E-03
EP-land mol N eq/UF 2.10E-01 0.00E+00  3.08E-02 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 1.22E-02 4.63E-03 1.36E-02 1.10E-03 | -1.76E-02
poCP kg NMVOC eq/UF 5.84E-02 0.00E+00  3.96E-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 3.35E-03 1.49E-03 3.74E-03 3.21E-04 | -5.10E-03
ADP-Elements kg Sb eq/UF 2.79E-04 0.00E+00  3.55E-07 | 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 | 3.67E-07 5.65E-06 4.10E-07 2.80E-07 | -7.92E-06
ADP -Comb.& f.f. MI/UF 2.07E+02 0.00E+00  1.61E+01 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 3.30E+00 5.1SE+00 3.69E+00 8.58E-01 | -1.30E+01
WDP Prev. water in m3/UF 4.03E+00 0.00E+00 _ 1.61E-01 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 6.17E-03 1.91E-02 6.886-03 3.97E-02| -4.71E-01
UF AAC - Separation walls PRODUCTION CONSTRUCTION PHASE USE PHASE END OF LIFE BENEFITS

A1-A3 A4 As B1 B2 B3 B4 BS B6 B7 c1 ] =] c4 D
GWP-Total kg CO2eq/UF 1.85E+01 0.00E+00  2.07E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 1.45E-01 2.01E-01 1.63E-01 186E-02| -3.39E-01
GWP-Fossil kg CO2eq/UF 1.86E+01 0.00E+00  127E+00 | 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 O0.00E+00| 1.45E-01 2.00E-01 163E-01 1.86E-02 | -3.39E-01
GWP-Biogeneic kg CO2eq/UF -1.24E-01 0.00E+00  8.01E-01 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 4.05E-05 1.46E-04 4.52E-05 3.69E-05 | -6.09E-04
GWP-Luluc kg CO2eq/UF 6.59E-02 0.00E+00  5.15€-04 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 1.23E-05 6.03E-05 1.37E-05 5.52E-06 | -1.27E-04
opp kg CFC 11 eq/UF 1.27€-06 0.00E+00  114E-07 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00| 3.14E-08 4.72E-08 3.51E-08 7.66E-09 | -1.156-07
AP mol Hseq/UF 4.47E-02 0.00E+00  5.42E-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.526-03 8.43E-04 1.70E-03 1.77E-04 | -2.80E-03
EP-Freshwater kg P eq/UF 1.76E-03 0.00E+00  6.16E-05 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 | 5.89E-07 1.63E-06 6.57E-07 2.25E-07 | -4.41E-06
Ep-Seawater kg N eq/UF 9.39E-03 0.00E+00  2.36E-03 | 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 6.72E-04 254E-04 7.51E-04 6.08E-05 | -9.73E-04
EP-land mol N eq/UF 1.27E-01 0.00E+00  1.87E-02 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 7.38E-03 2.81E-03 8.23E-03 6.69E-04 | -1.07E-02
POCP kg NMVOC eq/UF 3.54E-02 0.00E+00  2.40E-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 2.03E-03 9.02E-04 2.27E-03 1.94E-04 | -3.09E-03
ADP-Elements kg Sb eq/UF 1.69E-04 0.00E+00  2.15€-07 | 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 2.23E-07 3.42E-06 2.48E-07 1.70E-07 | -4.80E-06
ADP -Comb.& f.f. MI/UF 1.25E402 0.00E+00  9.78E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 2.00E+00 3.12E+00 2.24E+00 5.20E-01 | -7.88E+00
WDP Prev. water in m3/UF 2.44E+00 0.00E+00 _ 9.73E-02_| 0.00E+00 0.00E+00 0.00E+00 _0.00E+00 0.00E+00 0.00E+00 0.00E+00| 3.74E-03 1.16E-02 4.17E-03 2.40E-02 | -2.86E-01

Figure A.23: Environmental impact - AAC walls




220 A. ANNEXES

sL Facade - Total impact PRODUCTION CONSTRUCTION PHASE USE PHASE END OF LIFE BENEFITS

Al-A3 Ad A5 Bl B2 B3 B4 BS B6 B7 Cl C2 C3 C4 D
GWP-Total kg CO2eq/UF 7.03E+03 0.00E+00 6.26E+02 |-1.85E+03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 2.39E+01 6.63E+01 0.00E+00 5.54E+02 | -9.58E+01
GWP-Fossil kg CO2eq/UF 7.18E+03 0.00E+00 3.13E+02 |-1.85E+03 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 | 2.48E+01 6.59E+01 0.00E+00 6.01E+02| -9.56E+01
GWP-Biogeneic kg CO2eq/UF -1.55E+02 0.00E+00 3.13e402 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 |-1.05E+00 2.49E-02 0.00E+00 -4.68E+01| -1.89E-01
GWP-Luluc kg CO2eq/UF 6.60E+00 0.00E+00 1.92E-01 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 9.95E-02 2.67E-01 0.00E+00 1.71E+00| -9.08E-02
ODP kg CFC 11 eq/UF 2.00E-04 0.00E+00 3.62E-06 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00| 5.85€-15 1.17E-07 0.00E+00 8.88E-07 | -9.43E-06
AP mol H+eq/UF 1.72e+01 0.00E+00 7.10E-01 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.17E-01 7.53E-02 0.00E+00 4.32E+00| -1.51E-01
EP-Freshwater kg P eq/UF 3.39e-01 0.00E+00 9.60E-05 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 5.19E-05 1.38E-04 0.00E+00 1.02E-13 | -7.37E-05
EP-Freshwater kg P04 eq/UF 4.53€-02 0.00E+00 1.19e-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00 3.12E-05 0.00E+00 6.91E-05 | -9.43E-04
Ep-Seawater kg N eq/UF 2.56E+00 0.00E+00 1.13E-01 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 5.54E-02 2.54E-02 0.00E+00 1.12E+00| -3.12E-02
EP-land mol N eq/UF 6.24E+01 0.00E+00 1.85E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 6.12E-01 3.00E-01 0.00E+00 1.23E+01| -3.41E-01
pocP kg NMVOC eq/UF 9.92E+00 0.00E+00 3.53E-01 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00| 1.55€-01 7.06E-02 0.00E+00 3.39E+00| -1.03E-01
ADP-Elements kg Sb eq/UF 1.06E-02 0.00E+00 1.59€-04 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.98E-06 1.07E-05 0.00E+00 6.10E-05 | -2.94E-04
ADP -Comb.& f.f. MI/UF 6.53E+04 0.00E+00 1.64E+03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 | 3.16E+02 8.83E+02 0.00E+00 7.97E+03| -2.14E+03
WDP Prev. water in m3/UF 1.28E+06 0.00E+00 1.53E+04 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.03E-01 1.10E+02 0.00E+00 4.63E+02| -4.39E+04
UF SL Fagade - SL related impact PRODUCTION CONSTRUCTION PHASE USE PHASE END OF LIFE BENEFITS

Al-A3 Ad A5 Bl B2 B3 B4 BS B6 B7 Cl C2 C3 C4 D
GWP-Total kg CO2eq/UF 3.52E+01 0.00E+00 8.50E-01 |-1.33E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.71E-01 4.59E-01 0.00E+00 3.91E+00| -2.61E-01
GWP-Fossil kg CO2eq/UF 3.52E+01 0.00E+00 8.50E-01 |-1.33E+01 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00| 1.78E-01 4.56E-01 0.00E+00 4.25E+00| -2.60E-01
GWP-Biogeneic kg CO2eq/UF 1.86E-03 0.00E+00 -2.18€-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | -7.55E-03 1.83E-04 0.00E+00 -3.36E-01| -9.28E-04
GWP-Luluc kg CO2eq/UF 2.41E-02 0.00E+00 1.26€-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 7.13E-04 1.91E-03 0.00E+00 1.22E-02 | -3.30E-04
oDP kg CFC 11 eq/UF 1.14€-13 0.00E+00 3.47€-16 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00| 4.19€-17 1.12E-16 0.00E+00 1.59E-14 | -3.69E-15
AP mol H+eq/UF 2.91E-02 0.00E+00 2.96E-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 8.42E-04 4.22E-04 0.00E+00 3.05€-02 | -5.43E-04
EP-Freshwater kg P eq/UF 3.47€-05 0.00E+00 6.88E-07 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 3.72E-07 9.93E-07 0.00E+00 7.30E-16 | -5.29E-07
Ep-Seawater kg N eq/UF 1.10E-02 0.00E+00 4.25E-04 | 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 3.97E-04 1.32E-04 0.00E+00 7.83E-03 | -1.10E-04
EP-land mol N eq/UF 1.21€-01 0.00E+00 4.78€-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 4.39€-03 1.60E-03 0.00E+00 8.61E-02 | -1.19E-03
PoOCP kg NMVOC eq/UF 3.05€-02 0.00E+00 1.29e-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.11E-03 3.50E-04 0.00E+00 2.37E-02 | -3.08E-04
ADP-Elements kg Sb eq/UF 2.94€-06 0.00E+00 6.94E-07 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.42E-08 3.80E-08 0.00E+00 3.83E-07 | -1.98E-06
ADP -Comb.& f.f. MJ/UF 2.61E+02 0.00E+00 5.82E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 2.27E+00 6.07E+00 0.00E+00 5.56E+01| -3.64E+00
\WDP Prev. water in m3/UF 2.30E+00 0.00E+00 2.27E-01 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 7.35E-04 1.97E-03 0.00E+00 4.42E-01 | -1.07E-02
N PRODUCTION CONSTRUCTION PHASE USE PHASE END OF LIFE BENEFITS

UF SL Fagade - FG related impact A1-A3 Ad AS Bl B2 B3 B4 BS B6 B7 Cl C2 C3 C4 D
GWP-Total kg CO2eq/UF 9.76E+00 0.00E+00 3.64E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 1.66E-02 0.00E+00 5.82E-02 | -4.26E-01
GWP-Fossil kg CO2eq/UF 1.09E+01 0.00E+00 1.39E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 1.66E-02 0.00E+00 5.82E-02 | -4.26E-01
GWP-Biogeneic kg CO2eq/UF -1.12E+00 0.00E+00 2.25E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 -4.63E-06 0.00E+00 1.67E-06 | -4.27E-04
GWP-Luluc kg CO2eq/UF 9.44€-03 0.00E+00 1.18E-04 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 1.06E-06 0.00E+00 3.60E-06 | -3.21E-04
ODP kg CFC 11 eq/UF 8.32€-07 0.00E+00 2.59e-08 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 8.40E-10 0.00E+00 6.37E-09 | -6.76E-08
AP mol H+eq/UF 7.87€-02 0.00E+00 2.13€-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 1.18E-04 0.00E+00 4.58E-04 | -5.43E-04
EP-Freshwater kg P04 eq/UF 3.25€-04 0.00E+00 8.56E-06 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 2.24E-07 0.00E+00 4.95E-07 | -6.76E-06
Ep-Seawater kg N eq/UF 7.31E-03 0.00E+00 3.82E-04 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 5.04E-05 0.00E+00 1.90E-04 | -1.14E-04
EP-land mol N eq/UF 2.98E-01 0.00E+00 8.48E-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 5.54E-04 0.00E+00 2.10E-03 | -1.26E-03
poCP kg NMVOC eq/UF 3.04€-02 0.00E+00 1.24€-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 1.57E-04 0.00E+00 6.23E-04 | -4.29E-04
ADP-Elements kg Sb eq/UF 1.96€-05 0.00E+00 4.50E-07 | 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 3.85E-08 0.00E+00 5.42E-08 | -1.30E-07
ADP -Comb.& f.f. MJ/UF 1.70E+02 0.00E+00 5.95E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00 2.61E-01 0.00E+00 1.47E+00| -1.17E+01
\WDP Prev. water in m3/UF 9.20E+03 0.00E+00 1.10E+02 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 7.86E-01 0.00E+00 2.88E+00| -3.14E+02
UF SL Facade - Mortar related impact PRODUCTION CONSTRUCTION PHASE USE PHASE END OF LIFE BENEFITS

A1-A3 A4 AS B1 B2 B3 B4 BS B6 B7 Cl C2 C3 Cc4 D
GWP-Total kg CO2eq/UF 5.38E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
GWP-Fossil kg CO2eq/UF 5.38E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
GWP-Biogeneic kg CO2eq/UF 4.76E-03 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
GWP-Luluc kg CO2eq/UF 1.37€-02 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
ODP kg CFC 11 eq/UF 6.02E-07 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
AP mol H+eq/UF 1.55€-02 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
EP-Freshwater kg P eq/UF 2.40€-03 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
Ep-Seawater kg N eq/UF 8.30E-05 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
EP-land mol N eq/UF 2.78E-02 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
pocP kg NMVOC eq/UF 1.03€-02 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
ADP-Elements kg Sb eq/UF 5.37€-05 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
ADP -Comb.& f.f. MI/UF 3.66E+01 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
WDP Prev. water in m3/UF 7.32€-01 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 0.00E+00
UF SL - Load bearing walls PRODUCTION CONSTRUCTION PHASE USE PHASE END OF LIFE BENEFITS

Al-A3 Ad A5 Bl B2 B3 B4 BS B6 B7 Cl C2 C3 C4

GWP-Total kg CO2eq/UF 4.28E+01 0.00E+00 8.976-01 |-1.40E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.81E-01 4.84E-01 0.00E+00 -2.75E-01| -7.99E-01
GWP-Fossil kg CO2eq/UF 4.28E+01 0.00E+00 8.97E-01 |-1.40E+01 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00| 1.88E-01 4.81E-01 0.00E+00 -2.74E-01| -8.02E-01
GWP-Biogeneic kg CO2eq/UF 6.98E-03 0.00E+00 -2.30E-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | -7.96E-03 1.94E-04 0.00E+00 -9.79E-04| 4.99€-03
GWP-Luluc kg CO2eq/UF 4.00E-02 0.00E+00 1.33E-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 7.52E-04 2.01E-03 0.00E+00 -3.48E-04| -2.65E-03
ODP kg CFC 11 eq/UF 6.35€-07 0.00E+00 3.66E-16 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00| 4.42E-17 1.18E-16 0.00E+00 -3.89E-15| -1.14E-14
AP mol H+eq/UF 4.70E-02 0.00E+00 3.13e-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 8.88E-04 4.45E-04 0.00E+00 -5.72E-04| -2.52E-03
EP-Freshwater kg P eq/UF 2.57€-03 0.00E+00 7.26E-07 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 3.92E-07 1.05E-06 0.00E+00 -5.58E-07| -2.41E-06
Ep-Seawater kg N eq/UF 1.17€-02 0.00E+00 4.48E-04 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 4.19€-04 1.39E-04 0.00E+00 -1.16E-04| -9.56E-04
EP-land mol N eq/UF 1.57€-01 0.00E+00 5.04E-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 4.63E-03 1.68E-03 0.00E+00 -1.25E-03| -1.05E-02
pPoCP kg NMVOC eq/UF 4.30E-02 0.00E+00 1.36E-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.17E-03 3.69E-04 0.00E+00 -3.24E-04| -2.26E-03
ADP-Elements kg Sb eq/UF 5.98E-05 0.00E+00 7.32€-07 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00| 1.50€-08 4.01E-08 0.00E+00 -2.09E-06| -1.72E-07
ADP -Comb.& f.f. MJ/UF 3.14E+02 0.00E+00 6.14E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | 2.39E+00 6.40E+00 0.00E+00 -3.83E+00| -1.04E+01
\WDP Prev. water in m3/UF 3.20E+00 0.00E+00 2.40E-01 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 7.76E-04 2.07E-03 0.00E+00 -1.12E-02| -1.94E-02
UF L -Separation walls PRODUCTION CONSTRUCTION PHASE USE PHASE END OF LIFE BENEFITS

Al-A3 Ad AS Bl B2 B3 B4 BS B6 B7 Cl C2 C3 C4 D
GWP-Total kg CO2eq/UF 1.90E+01 0.00E+00 3.97e-01 |-6.20E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 7.99E-02 2.14E-01 0.00E+00 -1.22E-01| -3.54E-01
GWP-Fossil kg CO2eq/UF 1.90E+01 0.00E+00 3.97e-01 |-6.20E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 8.30E-02 2.13E-01 0.00E+00 -1.21E-01| -3.55E-01
GWP-Biogeneic kg CO2eq/UF 3.09€-03 0.00E+00 -1.02€-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 | -3.52E-03 8.56E-05 0.00E+00 -4.33E-04| 2.21E-03
GWP-Luluc kg CO2eq/UF 1.77€-02 0.00E+00 5.89E-04 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 3.33E-04 8.91E-04 0.00E+00 -1.54E-04| -1.17E-03
ODP kg CFC 11 eq/UF 2.81E-07 0.00E+00 1.62E-16 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.96E-17 5.22E-17 0.00E+00 -1.72E-15| -5.02E-15
AP mol H+eq/UF 2.08E-02 0.00E+00 1.38E-03 | 0.00E+00 O0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 3.93E-04 1.97E-04 0.00E+00 -2.53E-04| -1.11E-03
EP-Freshwater kg P eq/UF 1.14€-03 0.00E+00 3.21E-07 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.74E-07 4.63E-07 0.00E+00 -2.47E-07| -1.07E-06
Ep-Seawater kg N eq/UF 5.15€-03 0.00E+00 1.98E-04 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.85E-04 6.15E-05 0.00E+00 -5.14E-05| -4.23E-04
EP-land mol N eq/UF 6.94E-02 0.00E+00 2.23€-03 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00| 2.05€-03 7.45E-04 0.00E+00 -5.53E-04| -4.65E-03
poCP kg NMVOC eq/UF 1.90€-02 0.00E+00 6.02E-04 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 5.18E-04 1.63E-04 0.00E+00 -1.44E-04| -1.00E-03
ADP-Elements kg Sb eq/UF 2.64E-05 0.00E+00 3.24€-07 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 O0.00E+00 0.00E+00 0.00E+00| 6.62E-09 1.77E-08 0.00E+00 -9.23E-07| -7.60E-08
ADP -Comb.& f.f. MJ/UF 1.39E+02 0.00E+00 2.71E+00 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 1.06E+00 2.83E+00 0.00E+00 -1.70E+00| -4.62E+00
\WDP Prev. water in m3/UF 1.41E+00 0.00E+00 1.06E-01 | 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00| 3.43E-04 9.17E-04 0.00E+00 -4.97E-03] -8.60E-03

Figure A.24: Environmental impact - SL walls
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AAC

U Factor Length (m) LD Uideal ACIdeal (m2) ]
Corner 0.249 1.00 0.248 0.208 1.00 0.041
Middle floor 0.282 1.07 0.301 0.208 1.07 0.079
Flat roof 0.383 0.84 0.323 0.208 0.45 0.165

0.163 0.39
SL

)
Corner ISO Reference 205.2.7.01 0.075
Middle floor External insulation 0.000
Flat roof ISO Reference 205.2.7.01 0.188

Hempcrete

U Factor Length (m) LD Uideal | ACIdeal (m2) U]
Corner 0.234 1.28 0.30 0.21 1.28 0.032
Middle floor 0.318 1.07 0.34 0.21 1.07 0.117
Flat roof 0.369 0.97 0.36 0.21 0.45 0.179

0.16 0.52
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Figure A.26: The environmental impact of 1 UF of separation wall - Comparison between the assemblies
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Figure A.27:
under scrutiny.

AAC
-4.8E-06
17607
25607
3.4E-06
22607
0.0E+00
22607
17604

ENVIRONMENTAL IMPACT VALUE

ENVIRONMENTAL IMPACT VALUE

EP SEAWATER

COMPARISON OF THE

ENVIRONMENTAL IMPACT OF

3.56-02

3.06-02

256-02

2.0E-02

15602

1.0E-02

5.06-03

0.0E400

-5.0E-03

1 UF OF SEPARTION WALLS

(KG N EQ/UF)

HEMPCRETE
-1.7€-03
5.6E-04
4.8E-04
3.6E-04
45604
0.0£+00
1.6E-03
2.9E-02

-5.1E-05
37603
0.0E+00
6.1E-05
1.96-04
0.0E+00
2.0E-04
5.2€-03

POCP
COMPARISON OF THE

-9.7E-04
6.1E-05
7.56-04
25604
6.7E-04
0.0E+00
2.4E-03
9.4E-03

ENVIRONMENTAL IMPACT OF

5.06-02

4.0E-02

3.06-02

2.06-02

1.06-02

0.0E+00

HEMPCRETE
-4.6E-03
23603
13603
1.0E-03
13603
0.0E400
1.76-03
23602

-14€-04
1.1E-02
0.0E+00
1.6E-04
5.26-04
0.0E400
6.0E-04
1.9-02

1 UF OF SEPARATION WALLS
(KG NMVOC EQ/UF)

-3.1E-03
1.96-04
23603
9.0E-04
2.0E-03
0.0E+00
2.4€-03
3.56-02

ENVIRONMENTAL IMPACT VALUE

ENVIRONMENTAL IMPACT VALUE

ADP-COMBUSTIBLES
COMPARISON OF THE

ENVIRONMENTAL IMPACT OF
1 UF OF SEPARATION WALLS
(MJ/UF)

2.0E+02

156402

1.0E+02

5.0E401

0.0E400

-5.0E+01

-1OE+02

=D

HEMPCRETE
-5.8E+01
1.6E+00
236400
4.4E400
13E+00
0.0E400
6.8£400
8.5E401

sL
-1.7E+00
2.6E+01
0.0E400
2.8E400
1.1E+00
0.0E400
2.7E+00
14E+02

WwbDP
COMPARISON OF THE

-7.9E400
5.26-01
226400
3.1E+00
2.0E+00
0.0E+00
9.8£+00
136402

ENVIRONMENTAL IMPACT OF
1 UF OF SEPARATION WALLS
(M3 EQ/UF)

3.06400

2.5E+00

2.0E+00

156400

1.0E+00

5.0E-01

0.0E+00

-5.06-01

=D

c
uc3
uc2
mct

B1

As
mALA3

[

HEMPCRETE
-2.2€-01
43603
6.3E-01
-3.56-04
2.76-04
0.0E+00
6.9E-02
9.5E-01

-5.0€-03
21601
0.0E400
9.2E-04
3.4E-04
0.0E400
1101
1.4E+00

-2.9€-01
2.4€-02
4.2€-03
1.2€-02
3.76-03
0.0E+00
9.7€-02
24E+00

The environmental impact of 1 UF of separation wall - Comparison between the assemblies
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cost per
Impact category eq. (€) Hempcret SL AAC
GWP (kg CO2 1.00
oW o n 005 | 255E-01 | 7.66E-01 | %
GWP
\ (kg CO2 -6.77 -7.92E-
Bio- oS Un 0.05 o S 3.38 E-02
genic
GWP (kg CO2 0.05 | 427E-04 | 1.25E-03 | 3.32E-03
luluc eq/UF)
ODP (kg CFC11 30.0 | 2.77E-05 | 8.42E-06 | 4.16 E-05
eq/UF)
(mol
AP HeearUp) 4.0 3.79E-01 | 1.98E-01 | 2.78 E-01
EP
Fresh | (kgPeq/UF) 190 | 1.70E-03 | 2.16E-03 | 3.45E-03
water
EPSea | 10N eq/UP) 311 | 9.72E-02 | 2.86E-02 | 3.89 E-02
water
EP (mol N
o oyt 0.04 | 1.11E-02 | 497E-03 | 6.73E-03
pocp | (kgNMVOC 2.0 556 E-02 | 6.56E-02 | 8.42E-02
eq/UF)
ADP
Ele- | (kgSbeq/UF) 0.16 | 2.07E-07 | 4.17E-06 | 2.70 E-05
ments
ADP
; (MJ/UF) 7.70E-05 | 3.36E-03 | 1.32E-02 | 1.04 E-02
Fossils
WDP (m3 1E-04 | 1.43E-04 | 1.72E-04 | 2.30 E-04
water/UF) ) ) )
1.07 1.46 (incl.
Total © 803E01 | 20 R W

Table A.2: The final environmental costs per UF of separation walls

*conversion: 1 mol N =0.014 kg N
** conversion: MJ/UF x 4.81E-04 = kg Sb-eq
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Envir. Impact per type of walls and category

Hempcrete Sum
Facade Separation Load bearing
GWP-Fossil kg CO2eq/UF 3.50E+03 1.57E+02 -2.96E+01 3.62E+03
GWP-Biogeneic kg CO2eq/UF -8.57E+00 -4.18E-01 -1.44E+00 -1.04E+01
GWP-Luluc kg CO2eq/UF 5.27E+00 2.63E-01 1.20E+00 6.73E+00
oDP kg CFC 11 eq/UF 6.03E-04 2.84E-05 5.70E-05 6.88E-04
AP mol H+eq/UF 4.61E+01 2.16E+00 3.90E+00 5.22E+01
EP-Freshwater kg P eq/UF 5.83E-01 2.75E-02 5.62E-02 6.67E-01
Ep-Seawater kg N eq/UF 2.05E+01 9.64E-01 1.80E+00 2.33E+01
EP-land mol N eq/UF 1.67E+02 7.84E+00 1.49E+01 1.89E+02
pocCP kg NMVOC eq/UF 1.72E+01 8.17E-01 1.79E+00 1.99E+01
ADP-Elements kg Sb eq/UF 8.43E-04 3.98E-05 8.35E-05 9.67E-04
ADP -Comb.& f.f. MIJ/UF 3.13E+04 1.34E+03 -3.11E+03 2.95E+04
WDP Prev. water in m3/UF 8.77E+02 4.41E+01 2.10E+02 1.13E+03
AAC Envir. Impact per type of walls and category Sum
Facade I Separation I Load bearing
GWP-Fossil kg CO2eq/UF 1.34E+04 5.95E+02 1.28E+03 1.53E+04
GWP-Biogeneic kg CO2eq/UF 4.53E+02 2.01E+01 4.32E+01 5.16E+02
GWP-Luluc kg CO2eq/UF 4.44E+01 1.97E+00 4.24E+00 5.06E+01
oDP kg CFC 11 eq/UF 9.30E-04 4.12E-05 8.86E-05 1.06E-03
AP mol H+eq/UF 3.45E+01 1.53E+00 3.29E+00 3.93e+01
EP-Freshwater kg P eq/UF 1.22E+00 5.40E-02 1.16E-01 1.39e+00
Ep-Seawater kg N eq/UF 8.37E+00 3.71E-01 7.98E-01 9.54E+00
EP-land mol N eq/UF 1.03E+02 4.59E+00 9.87E+00 1.18E+02
pocCP kg NMVOC eq/UF 2.68E+01 1.19E+00 2.56E+00 3.06E+01
ADP-Elements kg Sb eq/UF 1.13e-01 5.01E-03 1.08E-02 1.29€-01
ADP -Comb.& f.f. MIJ/UF 9.06E+04 4.01E+03 8.63E+03 1.03E+05
WDP Prev. water in m3/UF 1.54E+03 6.81E+01 1.47E+02 1.75E+03
oL Envir. Impact per type of walls and category Sum
Facade I Separation I Load bearing
GWP-Fossil kg CO2eq/UF 6.24E+03 4.99E+02 1.42E+03 8.16E+03
GWP-Biogeneic kg CO2eq/UF 1.10E+02 -5.16E+00 -1.47E+01 9.00E+01
GWP-Luluc kg CO2eq/UF 8.77E+00 8.16E-01 2.33E+00 1.19E+01
oDP kg CFC 11 eq/UF 1.95E-04 9.15E-06 2.61E-05 2.30E-04
AP mol H+eq/UF 2.23E+01 1.20E+00 3.42E+00 2.69E+01
EP-Freshwater kg P eq/UF 3.40e-01 3.70E-02 1.06E-01 4.82E-01
EP-Freshwater kg P04 eq/UF 4.57E-02 0.00E+00 0.00E+00 4.57E-02
Ep-Seawater kg N eq/UF 3.84E+00 3.00E-01 8.56E-01 5.00E+00
EP-land mol N eq/UF 7.71E+01 3.72E+00 1.06E+01 9.14E+01
POCP kg NMVOC eq/UF 1.38E+01 1.02E+00 2.90E+00 1.77e+01
ADP-Elements kg Sb eq/UF 1.06E-02 8.49E-04 2.42E-03 1.38E-02
ADP -Comb.& f.f. MJ/UF 7.40E+04 5.54E+03 1.58E+04 9.54E+04
WDP Prev. water in m3/UF 1.26E+06 5.62E+01 1.60E+02 1.26E+06

Hempcrete Cost (€) Total (€)
GWP-Fossil kg CO2eq/UF 0.05 1.81E+02
GWP-Biogeneic kg CO2eq/UF 0.05 -5.21E-01
GWP-Luluc kg CO2eq/UF 0.05 3.36E-01
oDP kg CFC 11 eq/UF 30.00 2.06E-02
AP mol H+eq/UF 4.00 2.09E+02
EP-Freshwater kg P eq/UF 1.90 1.27E+00 5.14£402
Ep-Seawater kg N eq/UF 3.11 7.23E+01
EP-land mol N eq/UF 0.04 8.25E+00
poCP kg NMVOC eq/UF 2.00 3.97E+01
ADP-Elements kg Sb eq/UF 0.16 1.55E-04
ADP -Comb.& f.f. MJ/UF 7.70E-05 2.27E+00
WDP Prev. water in m3/UF 1.00E-04 1.13E-01
AAC Cost (€) Total (€)
GWP-Fossil kg CO2eq/UF 0.05 7.65E+02
GWP-Biogeneic kg CO2eq/UF 0.05 2.58E+01
GWP-Luluc kg CO2eq/UF 0.05 2.53E+00
oDP kg CFC 11 eq/UF 30.00 3.18E-02
AP mol H+eq/UF 4.00 1.57E+02
EP-Freshwater kg P eq/UF 1.90 2.64E+00 1.06E403
Ep-Seawater kg N eq/UF 311 2.97E+01
EP-land mol N eq/UF 0.04 5.14E+00
POCP kg NMVOC eq/UF 2.00 6.12E+01
ADP-Elements kg Sb eq/UF 0.16 2.06E-02
ADP -Comb.& f.f. MJ/UF 7.70E-05 7.94E+00
‘WDP Prev. water in m3/UF 1.00E-04 1.75E-01
SL Cost (€) Total (€)
GWP-Fossil kg CO2eq/UF 0.05 4.08E+02
GWP-Biogeneic kg CO2eq/UF 0.05 4.50E+00
GWP-Luluc kg CO2eq/UF 0.05 5.96E-01
oDP kg CFC 11 eq/UF 30.00 6.91E-03
AP mol H+eq/UF 4.00 1.08E+02
EP-Freshwater kg P eq/UF 1.90 9.17€-01
EP-Freshwater kg P04 eq/UF 9.00 4.11E-01 7.10E+02
Ep-Seawater kg N eq/UF 3.11 1.55E+01
EP-land mol N eq/UF 0.04 3.98E+00
POCP kg NMVOC eq/UF 2.00 3.54E+01
ADP-Elements kg Sb eq/UF 0.16 2.22E-03
ADP -Comb.& f.f. MIJ/UF 7.70E-05 7.34E+00
‘WDP Prev. water in m3/UF 1.00E-04 1.26E402

Figure A.28: Total environmental costs per design

In order to have a broader image on what influences the differences in the emissions be-
tween the three design options, the main aspects of the life cycle stages which were taken

into account for each material are presented below.

The EPD of the hempcrete blocks.

The EPD of the hempcrete blocks which was used, accounts for a hempcrete wall section
with a service life of 60 years, made of hempcrete blocks -30cm (height) * 60 cm (lenght)
and adhesive mortar -3mm thickness- capable to provide a thermal resistance of around
5 m?*K/W. Hempcrete blocks with the same width and length (30 * 60 cm) but a different
thickness are assumed to be used for the case study, as a result the change in the environ-
mental emissions is regarded as proportional to the change in the thickness of the block.

* Al + A2 + A3 (Raw material supply, Transport and Manufacturing) :

These stages include the emissions related to the production, extraction, transfor-
mation and transportation of the raw materials to the manufacturing site and those
related to the manufacturing of the blocks. Blocks with defects are re-used either by
re-incorporating them in the mixture or by storing to be used as a different product.
Then the blocks are stored to dry naturally and acquire the required strength, at this
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stage carbonisation happens. Packaging is also accounted in this stage.

A5 - Construction installation:

This stage accounts for the installation of the blocks at the construction site. It in-
cludes the processes needed for the mixing of the dry adhesive mortar with water at
the construction site. A percentage of material losses is also taken into account in this
stage as well as the environmental influence of the products’ packaging related to the
blocks and the mortar that are unpacked to the site. The calculation also includes the
direct emissions related to the decomposition of the hemp shives that are spread to
the site. The waste treatment which is required after the construction, is divided into
landfilling, incineration, re-use and recycling according to the waste type. The emis-
sions related to these procedure and to the transportation distances from the site to
the waste treatment center are included in the calculation.

B - Use stage:

This stage takes into account the emissions that take place during the use life of the
hempcrete wall. No maintenance, water use or energy is required during the lifetime
of the wall. The carbonisation of the lime which is present in the blocks and the ad-
hesive mortar is taken into account in stage B1.

ClI - Deconstruction - Demolition:

The demolition of the blocks is considered to co-occur with the demolition of the
building. The emissions of fine particles and the amount of the diesel consumption
by the demolition machines are considered in this stage.

C2 - Transport:
This stage accounts for the emissions related to the transportation of the waste from
the construction site to the waste treatment center.

C3 - Waste processing:
The products are considered to be sorted and crushed.

C4 - Disposal:

After their life time the materials are considered to be 100% land-filled with inert ma-
terials. A partial degradation 15% of the shiv is considered to take place, so 15% of
mass content is emitted into the air, half in the form of CO, and half in the form of
methane. The decomposition of the organic waste is captured in the co-generation
unit and burned there, in this process 30% of methane is assumed to escape towards
the atmosphere and the rest 70% to be converted to electricity and heat.

D - Reuse -Recovery -Recycling-potential:
At this stage the benefits beyond the systems boundaries are taken into account. This
benefits are related to the re-use, recycling, and energy recovering of the packaging
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during Al and the combustion of methane from the hemp from the installation waste
(A5) or the disposal (C4).

The EPD of the sawn spruce timber

For the calculation of the environmental emissions related to the timber usage, an EPD of
sawn timber products spruce and pine wood was used. The declared unit of the relevant
EPD is 1 m® of sawn dried timber (17% moisture content).

The EPD includes the modules A1-A3, C, D and the additional modules. Module B has been
excluded from the system because due to the numerous applications of the sawn timber in
the building construction, a default scenario for end-use is not possible to be declared.

* Al - Raw material supply:
This stage accounts for the environmental impact of the timber product during the
wood supply. It takes into account the processes of seedling nursery, site preparation,
foresting and harvesting. The production of energy that is used for the manufactur-
ing of the product (A3) is also included in this module.

° A2 - Transport:
This stage accounts for the transportation of the timber logs to the sawmills.

* A3 - Manufacturing:
This stage accounts for the debarking and sawing of logs. During this stage multiple
co-products are produced. Heat and electricity is used for the treatment of the tim-
ber, however these resources have already been included in stage Al. The impact of
packaging that does not leave the sawmills is included in this stage.

* Ab - Construction installation:
This stage accounts for the installation of the material. In this stage only the envi-
ronmental effects of the packaging of the material are taken into account. Due to the
various uses of the product not a specific end use scenario could be defined. Plastic
packaging waste is led to energy recovery and steel to material waste recovery.

* CI - Deconstruction - Demolition:
In this stage, the environmental impacts related to the production and combustion
of diesel fuel by an construction excavator for the deconstruction and demolition are
considered.

* C2 - Transport:
In this stage, the environmental impacts related to the transport of the timber after
its demolition to the treatment plant are considered.
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* C3 - Waste processing:
Incineration with energy recovery is considered in this stage. Due to the multiple
ways of use of the material, material re-use was considered quite uncertain to be
assumed. Due to the EU ban related to the landfill of organic waste, landfill disposal
was not considered.

* C4 - Disposal:
Due to aforementioned, no environmental emissions were assumed in this stage.

* D - Reuse -Recovery -Recycling-potential:
The benefits for energy (related to packaging and incineration of timber) and mate-
rial recovery (packaging) for the processes done in stages A3, A5 and C3.




230 A. ANNEXES

The EPD of the autoclaved aerated blocks

This EPD accounts for different aerated autoclaved block products. A5 was an optional
stage and was not taken into account in the EPD. Their environmental emissions are taken
into account by estimating the mean values of emissions in products with a similar den-
sity. The products that can cover the required needs for the current case study (external
loadbearing bricks with a thermal conductivity of 0.10 W/mK and internal blocks with an
acoustic insulation of 37 dB) belong to the same density group and therefore have similar
emissions.

* Al + A2 + A3 (Raw material supply, Transport and Manufacturing) :
This stage accounts for the environmental impact of the blocks during the supply,
the transport to the manufacturing place and the manufacturing. It takes into ac-
count the electricity use during the manufacturing too. The packaging includes plas-
tic sheets and wooden pallets.

* B - Use stage:
This stage is not taken into account in the EPD. The carbonisation of concrete during
its use stage is not taken into account in the calculations.

e CI - Deconstruction - Demolition:
In this stage an average consumption for demolition was considered.

* C2, C3,C4 (Transport, Waste processing and disposal):
No mass loss is assumed in this stage. The total amount of the product mass which
was used is assumed to be transported to the closest waste management facilities (
recycling and land-filling). It is assumed that the vast majority (higher than 90%) of
the product is recycled into raw materials. The rest material that has not be recycled
is sent for disposal in local facilities.

* D - Reuse -Recovery -Recycling-potential:
It considers the recycled raw materials.
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The EPD of the Sand-lime bricks

The EPD used accounted for a sand lime brick product with a density of 1800 kg/m3. The
thermal resistance range which was stated in the EPD included the value of the thermal
resistance of the product which was used in the WUFI simulations. The unit factor of the
EPD was in mass terms. Therefore, multiplying by the density was required to deliver the
unit factor in terms of volume. Sand lime bricks can be fully recyclable however to date
hardly any walls made of sand-lime bricks have been recycled. Two different scenarios have
been considered in the EPD. However, due to the absence of recycling of SL in practice, the
scenario with the deposition will be considered.

* Al + A2 + A3 (Raw material supply, Transport and Manufacturing) :
In this stage all the required processes for the supply, transportation to the manu-
facturing site and the manufacturing of the material were included. As packaging
material, wooden pallets, plastic and still straps and recycled polyethylene film was
considered. The waste management processes were considered as land filling.

* A5 (Construction installation):
This stage includes the installation to the construction site. The waste treatment of
the packaging materials with incineration was considered.

* B - Use stage:
The carbonisation of the lime is considered in this stage. No other processes are re-
quired during the use phase of the bricks.

* CI - Deconstruction - Demolition:
An excavator is considered in this stage.

* C2, C3,C4 (Transport, Waste processing and disposal):
This thesis will cope with the scenario of disposal.

* D - Reuse -Recovery -Recycling-potential:
The credits for the recycling of the packaging are considered in this stage.
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The EPD of the FG Insulation

The EPD used accounted for glass wool insulation board with a thermal conductivity range
that includes the values of the insulation used in the current research (between 0.033-0.041
W/ (mK).

* Al + A2 + A3 (Raw material supply, Transport and Manufacturing) :

In this stage the materials and energy that are required for the production of the FG
boards are taken into account.

e A5 (Construction installation):
The waste treatment of the packaging materials with incineration is considered. The
FG boards are installed manually without requiring further effort.

* B - Use stage:
Zero impacts are considered in this stage.

* CI - Deconstruction - Demolition:
The material is deconstructed without further effort and energy. Only particle emis-
sions are considered in this stage.

* C2, C3,C4 (Transport, Waste processing and disposal):
The impact of transportation. waste processing and disposal is taken into account in
this stage. 100% of the material is assumed to be disposed in an inert fill land.

* D - Reuse -Recovery -Recycling-potential:
The credits for the recycling of the packaging and of the energy mix are considered in
this stage.
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The EPD of the bedding mortar

The EPD of the hempcrete blocks included also the emissions which are related to the bed
lime mortar of the wall. Therefore, to make a fair comparison between the wall assemblies,
the emissions related to the thin bed mortar of the loadbearing masonry construction are
also considered. For the brick connections in both sand-lime and AAC assemblies 3mm
bonding joints are created. The mortar considered was of type M10. The influence of the
mortar in the environmental emissions of the conventionally designed walls was estimated
by creating a 3D representation of a wall assembly made of SL and AAC blocks with the
same length and height as those of the hempcrete blocks, and a thin 3mm bonding mortar.

The EPD is of type D (Cradle to gate approach) so the influence of the mortar in the envi-
ronmental impact of the wall assembly was only considered during the stages A1-A3. For
the rest of the stages the impact is expected to be fractional and thus it was considered
acceptable to not include it in the comparison.

* Al + A2 + A3 (Raw material supply, Transport and Manufacturing) :
The majority of the raw materials arrive without packaging, a small proportion arrives
in paper packages. The impact of the packaging (manufacturing and transportation)
which is intended for the final products storage and transportation has also been
included. The latter includes wooden pallets, paper and Polyethylene films. No recy-
cled materials are used as sources. The declared unit in the EPD is 1 kg of the mortar.
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The four hempcrete options - 31/3/2015

Date: Date:

3/31/2015 7:00 AM 3/31/2015 7:00 AM
[@z;0 [@l2;0

46137 46.137

51,005 1005

55.873 [55873

60.740 60.740

65.608 [6s.608

70.475 70.475

75.343 7538

80.211 EEI

85.078 [esome

(a) Hempcrete 1 (b) Hempcrete 2
Date: - Date:
3/31/2015 7:00 AM A 3/31/2015 7:00 AM
41.270 Tl 41.270
CHED = 36137
51.005 51.005
H 55,873 %E 55.873

(c) Hempcrete 3 (d) Hempcrete 4

Figure A.29: Hempcrete behaviour - Date 31/3/2015 at 7:00.
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1 Date: Date:
" 3/31/2015 8:00 AM 3/31/2015 8:00 AM
Il 38.017 38.017

12,716 [27e

47416 47.416

52.115 52.115

56.814 56.814

61.513 61.513

66.212 66.212

70.911 ).

611
80.310

(a) Hempcrete 1 (b) Hempcrete 2
Date: Date:
3/31/2015 8:00 AM 3/31/2015 8:00 AM
38.017 38.017
[y 276 |
[47416 | [47416 |
Hi 52.115 o G215
l 56.814 1l (56814
M 61,513 M 6153
I 66.212 i (66212 |
] 70912 il 70911
75,611 75,611
80310 80310

(c) Hempcrete 3 (d) Hempcrete 4

Figure A.30: Hempcrete behaviour - Date 31/3/2015 at 8:00.
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(a) Hempcrete 1

(c) Hempcrete 3

Date:
3/31/2015 9:00 AM

39.456
43.989
48.522
53.054
57.587
62.120
66.652
71.185
75.718
80.250

Date:
3/31/2015 %:00 AM

39456
43,589
48522
53.054
57.587
62.120
66.652

(b) Hempcrete 2

(d) Hempcrete 4

Figure A.31: Hempcrete behaviour - Date 31/3/2015 at 9:00.

Date:
3/31/2015 9:00 AM

39.456
43.989
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53.054
57.587
62.120
66.652
71.185
75.718
80.250

Date:
3/31/2015 9:00 AM

39.456
43,589
48.522
53.054
57.587
62.120
66.652
71.185
75.718
80.250
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” Date: H Date:
] 3/21/2015 10:00 AM || 3/21/2015 10:00 AM
] 4.363 ] 41.363
i 1753 r 1753

= 53.708 = 53.708
] 59880 H 59880
il 56.052 il 56.052

Date: Date:
3/31/2015 10:00 AM 3/31/2015 10:00 AM
41.363 41.363
47.536 47.536
53.708 53.708
59.880 59.880

66,053

(c) Hempcrete 3 (d) Hempcrete 4

Figure A.32: Hempcrete behaviour - Date 31/3/2015 at 10:00.
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H Date: H Date:
|| 3/21/2015 11:00 AM || 3/21/2015 11:00 AM
] n.ma ] n.0ms
H 47238 n .23
= | 53.435 = | 53.435
H 59.644 H 59.644
il §5.852 il §5.852

(b) Hempcrete 2

tH Date: tH Date:

i 3/31/2015 11:00 AM tH 3/31/2015 11:00 AM
i H.018 m H.018

o 47.226 u u| 47.226

=2 | 53435 2| 53435

in n Bt 59.644

M 1l 65.852

(c) Hempcrete 3 (d) Hempcrete 4

Figure A.33: Hempcrete behaviour - Date 31/3/2015 at 11:00.
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i Date:
—- 3/31/2015 12:00 PM

59.459

65,697

i LR —
| 46.986
53.222

Date:
3/31/2015 12:00 PM
i b
T 46.986
= 53.222

59.459

65.697

(a) Hempcrete 1

tH Date:

40,748
46,085
53.222
59.459
65.606
71.933
M 781

84,

9
96.882

i 3/31/2015 12:00 PM

Date:
3/31/2015 12:00 PM
40,749
46.986

Q 53222

(c) Hempcrete 3

(d) Hempcrete 4

Figure A.34: Hempcrete behaviour - Date 31/3/2015 at 12:00.
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The different materials same thickness - 31/3/2015

I Date: Date: Hl Date:
I 3/31/2015 7:00 AM 3/31/2015 7:00 AM L 3/31/2015 7:00 AM
] 41.270 37.398 H 38.492
E 26.137 = 42674 =] 24547
o 51.005 47.949 H 49.602
i 55.873 53.224 H 54.656
i 60.740 58.499 H 50.711

65.608 63.775

(a) Hempcrete 3 (b) Sand Lime Bricks (c) AAC

Figure A.35: Comparison between materials (Same thickness) - Date 31/3/2015 at 7:00.

I Date: Date: T Date:

I 3/31/2015 8:00 AM 3/31/2015 8:00 AM L] 3/31/2015 2:00 AM

] 38.017 37.806 H 38.103

E 2717 42310 =| 42522

H 47416 46.813 H 26840

i 52.115 51.317 1 51.359

i 56.814 55.821 o 55.077
61.513 60.324 50.196

I 66.212 64.828 7] 64.614
70.912 69.331 )

I 75.611 73.835 ]
80.310 78.339

- i I
i i
(a) Hempcrete 3 (b) Sand Lime Bricks (c) AAC

Figure A.36: Comparison between materials (Same thickness) - Date 31/3/2015 at 8:00.
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Date: Date: T Date:
3/31/2015 3:00 AM 3/31/2015 9:00 AM ] 3/31/2015 9:00 AM
30456 37.006 2= 39.302
43.989 41.526 = 13,541
23522 46.048 B 27779
53.054 50.566 i 52.017
57587 55.088 ot 56.255
62.120 50.607 60434
£6.652 64127 M 3

£8.647

(a) Hempcrete 3 (b) Sand Lime Bricks (c) AAC

Figure A.37: Comparison between materials (Same thickness) - Date 31/3/2015 at 9:00.

Date: I Date: 1] Date:
3/31/2015 10:00 AM I 3/31/2015 10:00 AM H 3/31/2015 10:00 AM
HEE : H 39.603
17,536 = 35|
H 53,708 i HH
I 59.880 I H

(a) Hempcrete 3 (b) Sand Lime Bricks (c) AAC

Figure A.38: Comparison between materials (Same thickness) - Date 31/3/2015 at 10:00.
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Il Date: Date: Date:
1 3/31/2015 11:00 AM 3/31/2015 11:00 AM 3/31/2015 11:00 AM
g 41.018 37137 39.326
E 47.226 13.734 45.713
i 33.435 50.371 H 52.099
H 39.644 56.988 | 58.486
{ 55.852 53.606 1 64.873
72.061 E 71.260

70.223

36.896

(a) Hempcrete 3 (b) Sand Lime Bricks (c) AAC

Figure A.39: Comparison between materials (Same thickness) - Date 31/3/2015 at 11:00.

Date: ! Date: Date:
3/31/2015 12:00 PM | 3/31/2015 12:00 PM 3/31/2015 12:00 PM
40.748 ! 36.919 9060
=2 6985 = | 13559 55476
53.222 i 50.199 H
59.459 H 56.839 H

96.680

(a) Hempcrete 3 (b) Sand Lime Bricks (c) AAC

Figure A.40: Comparison between materials (Same thickness) - Date 31/3/2015 at 12:00.
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The four hempcrete options - 31/3/2015

— Date: Date:
Il 3/31/2015 7:00 AM 3/31/2015 7:00 AM
46.819 46.819
50.675 50.675
54531 54,531
58.387 ] 58.387
H 62243 H 62243
0 56009 0 56000
- 69.955 - 69.955
= 73.811 = 73.811
] 77.666 H 77.666
N 81.522 N 81.522
s AR e i
i g e IS ity
2 /IR i1 GaSEIRE i
Ny + i iy
T |
(a) Hempcrete 1 (b) Hempcrete 2
T Date: n Date:
1 3/31/2015 7:00 AM 11 3/31/2015 7:00 AM
416.819 416,819
50.675 50.675
54531 54531
N 58.387 58.387
1 62243 62243
T 56009 1 56000
== 69.955 = 69.955
=2 73.811 i 2 73.811
T 77,666 u i 77,666
Tl 81.522 nl 81.522
Fat I et o = "l L
1 i H—— i
AT R i
M r—' | ii_i . W f-' A N L -
1T I ATV ]
il I usl
T Il NN
(c) Hempcrete 3 (d) Hempcrete 4

Figure A.41: Hempcrete behaviour - Date 31/3/2015 at 7:00.
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Date: Date:
3/31/2015 8:00 AM 3/31/2015 8:00 AM
46595 26595
49.976 [29976
53.358 53358
56.740 (56740
60.122 60.122

63504
[66.886
[fozee

10 H — -
{1l Pt o ]
i T il [r=a
| N ] TN i
| i 0 s =TT
] A AR i i
{1 l s
i I
(a) Hempcrete 1 (b) Hempcrete 2
T Date: 1 Date:
Tl 3/31/2015 800 AM Tl 3/31/2015 8:00 AM
46,595 46.595
49,576 49,976
53.358 53.358
56,740 7
™ 01z | M
T 63.504 T
tH 66,886 tH
=i 70 =
Kl | IR I = H
= 1] " FTYLA
VY Il Yoz i (102
i I I T il
A AT 1 A J H
I in M
1 =
1L
= Il
(c) Hempcrete 3 (d) Hempcrete 4

Figure A.42: Hempcrete behaviour - Date 31/3/2015 at 8:00.
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i Date: Date:
i 3/31/2015 9:00 AM 3/31/2015 9:00 AM
B0 | [43705
47.326 47.326
50.947 50.947
54,568 [G4568
58.189
61.810
65.431
[fa674
M35

= ani i
i H i H I A~ i
ATINI T 7N
P 1 = - 3
Il L H]
i 1l T et
i
(a) Hempcrete 1 (b) Hempcrete 2
H Date: I Date:
I 3/31/2015 %:00 AM [ 3/31/2015 9:00 AM
i 43.705 ] 43.705
47.326 47.326
50.847 50.847
i . [s4568 |
I 58.189
[l 61.810
H 63431
i e ::: :\ H "
\\- 1 ™ AT
N T ™ T
N i
(c) Hempcrete 3 (d) Hempcrete 4

Figure A.43: Hempcrete behaviour - Date 31/3/2015 at 9:00.
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A. ANNEXES

45390
50.200
55.009

59.819

Date:

3/31/2015 10:00 AM

(a) Hempcrete 1

45390
50.200
55.009

59.819

Date:

3/31/2015 10:00 AM

(c) Hempcrete 3

(b) Hempcrete 2

HE
pal

(d) Hempcrete 4

Figure A.44: Hempcrete behaviour - Date 31/3/2015 at 10:00.

Date:
3/31/2015 10:00 AM
45.390
50.200
55.009

59.819

Date:
3/31/2015 10:00 AM
45.390
50.200
55.009
59.819
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Date: Date:
3/31/2015 11:00 AM 3/31/2015 11:00 AM

46.218 46.218

i ] i 7 : -_‘:-_
T AT AW T
i f‘ N I ¥ Il IIARTIgY
Ban ndl foer |
(a) Hempcrete 1 (b) Hempcrete 2
Ml Date: 1 Date:
] 3/31/2015 11:00 AM ] 3/31/2015 11:00 AM
46.218 46.218
40977 49977
53.736 53.736
57495
] EH
TS T i B i
il N ol =t 1
h il il L
/ Mot - e { Ll
(c) Hempcrete 3 (d) Hempcrete 4

Figure A.45: Hempcrete behaviour - Date 31/3/2015 at 11:00.
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1 Date: H Date:
I 3/31/2015 12:00 PM I 3/31/2015 12:00 PM
1 46,095 1 46,085
49.423 49.423
52.752 52.752
¥ 56.081 1 56.081
1 59.410 1 59.410
62.738 62.738

maiie N ;ii et =i m m s i+
ol I W, R | o
T 2801\ e ] AR
o it 1 1 ™ T L
| N i il L | [N
1 L= | Inmai M
M [l i I
- i a |
(a) Hempcrete 1 (b) Hempcrete 2
Nl Date: 1 Date:
il 3/31/2015 12:00 PM ] 3/31/2015 12:00 PM
46,095 46,085
49423 48,423
52752 52752
2 R OB = o liga
AT m H_i W) T Ml TN T
T TN A TR [t il
) h 1531 RS IR il
[T il
g} - !
(c) Hempcrete 3 (d) Hempcrete 4

Figure A.46: Hempcrete behaviour - Date 31/3/2015 at 12:00.
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The different materials same thickness - 31/3/2015

Date: Date: Date:
3/31/2015 7:00 AM 3/31/2015 7:00 AM 3/31/2015 7:00 AM
46.819 43.320 45.768
50.675 47.730 49.916

H 54531 52,140 1 54.064
58.387 56.550 |]58.212

H62.243 60.960 T 62.360
66.099 65.371 66.508
69.955 69.781

A i BliE
(a) Hempcrete 3 (b) Sand Lime Bricks (c) AAC

Figure A.47: Comparison between materials (Same thickness) - Date 31/3/2015 at 7:00.

Date: Date: Date:
3/31/2015 8:00 AM 3/31/2015 8:00 AM 3/31/2015 8:00 AM
46.595 42,948 45474
49.976 46.588 49.002
53.358 50.228 52.529
56.740 53.867 56.057
60.122 57.507 59.585
63.504 61.147

64.786

68.426

N

(a) Hempcrete 3 (b) Sand Lime Bricks (c) AAC

Figure A.48: Comparison between materials (Same thickness) - Date 31/3/2015 at 8:00.
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Date: Date: Date:
3/31/2015 9:00 AM 3/31/2015 9:00 AM 3/31/2015 9:00 AM
43.705 42.085 44.713
47.326 43.764 48.306
H 50.947 40,443 51.899
54.568 53.122 55.491
H58.180 56.801 59.084
61.810 60.479 62.677
65.431 64.158 66.260
69.052 67.837 69.862
T2.674 ! 73.455
76.295 77.048
s | =
I ‘ gl
i i i
I Bl e
i g i i
(a) Hempcrete 3 (b) Sand Lime Bricks (c) AAC
Figure A.49: Comparison between materials (Same thickness) - Date 31/3/2015 at 9:00.
Date: Date: Date:
/31/2015 10:00 AM /31/2015 10:00 AM 3/31/2015 10:00 AM
5.390 496
0.200 9.243
p3.009 133.080
p9.819 38.735
pd.628 53482
8.228

(a) Hempcrete 3 (b) Sand Lime Bricks (c) AAC

Figure A.50: Comparison between materials (Same thickness) - Date 31/3/2015 at 10:00.
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Date:
3/31/2015 11:00 AM

%3 .310
5.034
152557

| B7. 7.081
(p1.254 ro1.604

Date:
3/31/2015 11:00 AM
5,134
8.852

(32570

36.268

150.006
3.725

(a) Hempcrete 3 (b) Sand Lime Bricks (c) AAC

Figure A.51: Comparison between materials (Same thickness) - Date 31/3/2015 at 11:00.

Date: Date:
31/2015 1200 PM 3/31/2015 12:00 PM

%3.280
7.253

531.225

8! — [N (i e
i = nT AN (i}

Date:
3/31/2015 12:00 PM
5.087
2.620

132153

155,685

YA

(a) Hempcrete 3 (b) Sand Lime Bricks (c) AAC

Figure A.52: Comparison between materials (Same thickness) - Date 31/3/2015 at 12:00.

99.218




252 A. ANNEXES
Beam number  b(mm) h(mm) L (mm) N left (KN) N Middle (KN) N rigth (KN) N (max) (KN)  Q support A (KN) Q support B (KN) M middle (KNm)
1a 150 180 3400 -11.50 -7.63 -3.53 -11.50 3.75 -3.75 3.28
1b 150 180 3400 -3.53 -7.63 -11.50 -11.50 3.75 -3.75 3.28
2a 150 250 3400 -22.10 -14.43 -6.75 -22.10 7.18 -7.18 6.28
2b 150 250 3400 -6.75 -14.43 -22.10 -22.10 7.18 -7.18 6.28
3a 150 180 3400 -10.51 -6.87 -3.23 -10.51 3.43 -3.43 3.00
3b 150 180 3400 -3.23 -6.87 -10.51 -10.51 3.43 -3.43 3.00
11 150 350 4800 8.88 8.88 8.88 8.88 10.90 -10.90 15.40

5.97 5.97 5.97 5.97 11.80 -11.80 16.82
10 157 0T 4800 16.55 16.55 16.55 16.55 21.60 -21.60 33.80
10.20 10.20 10.20 10.20 26.30 -26.30 41.20
4 150 150 4800 8.18 8.18 8.18 8.18 28.34 -28.34 4332
5.04 5.04 5.04 5.04 33.00 -33.00 50.73
20 150 180 4000 0 0 0 0 13 -1.3 13
18 150 300 4300 0.00 0.00 0.00 0.00 27.10 -27.10 29.12
17 150 300 43850 0.00 0.00 0.00 0.00 31.20 -31.20 38.90
19 150 180 4000 0 0 0 0 1.30 -1.30 1.30
12 150 300 4950 0.00 0.00 0.00 0.00 29.70 -29.70 36.80
3 150 250 4300 0.00 0.00 0.00 0.00 25.80 -25.80 27.75
15 150 180 4950 0.00 0.00 0.00 0.00 1.63 -1.63 2.02
16 150 250 4300 0.00 0.00 0.00 0.00 19.32 -19.32 27.15
9 150 180 1600 0 0 0 0 0.52 -0.52 0.21
7 150 250 4800 0 0 0 0 12.27 -12.27 14.73
8 150 180 1600 0 0 0 0 0.52 -0.52 0.21
5 150 250 4300 0 0 0 0 -25.3 32.3 30.34
6 150 250 4950 0 0 0 0 -14.8 10.2 16.7
Figure A.53: The loading and dimensions of the beams.
Column b(mm) h(mm) H buck N (max) (KN)  Qsupport ground (KN) Q middle (KN) Q support B (KN) M left (KNm) M middle (KNm) M right (KNm)
il 150 150 4900 -12.75 0 0 0 0 0 0
2 150 150 4900 -12.75 0 0 0 0 0 0
3| 150 200 4900 -31.7 3.77 3.77 3.77 2.86 -1.77 -6.4
4 150 300 4900 59237 6.8 6.8 6.8 5.22 -3.065 511%35]
s 150 200 4900 -57.6 BI51) 3.51 3.51 2.67 -1.62 =5191)
150 200 4900 -58.9 2.16 2.16 2.16 1.65 -0.995 -3.64
6 150 200 4900 -54.23 4.05 4.05 4.05 -3.46 15 6.46
/ 150 300 4900 -115.3 -6.7 -6.7 -6.7 -5.63 2.57 10.77
8 150 250 4900 -80.9 -3.78 =378 -3.78 =3:21" 1.42 6.05
150 250 4900 -82.28 52:33 5233 52:33 -1.98 0.875 853}
= 150 200 6100 -32.4 0 0 0 0 0 0
10 150 200 6100 -58.3 0 0 0 0 0 0
11 150 200 6100 -28.3 0 0 0 0 0 0

Figure A.54: The loading and dimensions of the columns.
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(N/mm~2) Compression | (N/mm"2)
oNd oNd/kcl oNd/kc2 Strength Class fcOd fck E0,0,5 Verification fmd
1 0.57 0.37 0.37 C14 7.38 16.00 4700.00 0.37 6.46
2 0.57 0.37 0.37 Cc14 7.38 16.00 4700.00 0.37 6.46
3 1.06 0.21 0.35 C4a0 12.00 26.00 9400.00 0.35 18.46
4 2.06 0.21 0.61 C50 13.38 29.00 10700.00 0.61 23.08
cs 1.92 0.34 0.57 C50 13.38 29.00 10700.00 0.57 23.08
1.96 0.35 0.58 C50 13.38 29.00 10700.00 0.58 23.08
1.81 0.36 0.60 C4a0 12.00 26.00 9400.00 0.60 18.46
7 2.56 0.26 0.75 C50 13.38 29.00 10700.00 0.75 23.08
8 2.16 0.31 0.72 C4a0 12.00 26.00 9400.00 0.72 18.46
2.19 0.31 0.73 C4a0 12.00 26.00 9400.00 0.73 18.46
9 1.08 0.32 0.54 C40 12.00 26.00 9400.00 0.54 18.46
.0 1.94 0.50 0.86 C50 13.38 29.00 10700.00 0.86 23.08
0.94 0.28 0.48 C40 12.00 26.00 9400.00 0.48 18.46
Figure A.55: Strength verification for columns.
Flexural Buckling
Fyd Max fyd (min a b
- yO 0 Y O(OO ) [a] [b] Compression Compression Verificati
. . erirication
fmd/fyd max fmd/fyd min verification+[a] verification+[b]
2 0.0 0.00
3 -2.9 6.40 -0.15 0.3467 0.20 0.70 0.70
4 -2.3 5.04 -0.10 0.2186 0.51 0.82 0.82
s -2.7 5.91 -0.12 0.2561 0.45 0.82 0.82
-1.7 3.64 -0.07 0.1577 0.51 0.74 0.74
3.5 -6.46 0.19 -0.3499 0.79 0.25 0.79
2.5 -4.79 0.11 -0.2074 0.86 0.55 0.86
8 2.1 -3.87 0.11 -0.2097 0.83 0.51 0.83
1.3 -2.39 0.07 -0.1293 0.80 0.60 0.80
9 0.0 0.00
0 0.0 0.00
1 0.0 0.00
Figure A.56: Strength verification for columns.
Beam number ot,0,d ft,0,d om,y,d fm,y,d Verification Strength class
Strength verification for combined bending and axial tension stresses:
11 0.2 7.38 9.86 12.46 0.82 27
0.2 7.38 10.76 12.46 0.89
10 04 12.46 15.02 20.77 0.75 s
0.2 12.46 18.31 20.77 0.90
4 0.2 12.46 14.15 20.77 0.69 cas
0.1 12.46 16.56 20.77 0.81

10.d

3 o
L0d my.d
+km

f

L0d myd mzd

. % mzd <1

Strength verification for combined bending and axial tension stresses:

Figure A.57: Strength verification for combined bending and axial tension stresses.
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Beam number oc,0,d fc,0,d om,y,d fm,y,d Verification Strength class t fv
la -0.28 7.38 4.05 6.46 0.63 Cc14 0.14 1.38
1b -0.28 7.38 4.05 6.46 0.63 C14 0.14 1.38
2a -0.38 7.38 4.02 6.46 0.62 Cc14 0.19 1.38
2b -0.38 7.38 4.02 6.46 0.62 Cci4 0.19 1.38
3a -0.25 7.38 3.70 6.46 0.57 Cc14 0.13 1.38
3b -0.25 7.38 3.70 6.46 0.57 C14 0.13 1.38
° 2 0.29 1.85
(o3
c0d my,d
_myd L
m 0.48 1.85
[ f ¢0d ] f myd f
0.54 1.85
Verification for bending
20 1.60 6.46 0.25 C14 0.05 1.38
18 12.94 16.15 0.80 C35 0.60 1.85
17 17.29 20.77 0.83 cas 0.69 1.85
19 1.60 6.46 0.25 Cc14 r 0.05 1.38
12 16.36 18.46 0.89 c40 0.66 1.85
3 17.76 20.77 0.86 Cas5 0.69 1.85
15 2.49 6.46 0.39 C14 r 0.06 1.38
16 17.38 20.77 0.84 Cc45 0.52 1.85
9 0.26 6.46 0.04 c14 0.02 1.38
7 9.43 11.08 0.85 c24 0.33 1.38
8 0.26 6.46 0.04 c14 0.02 1.38
5 19.42 23.08 0.84 C50 -0.67 1.85
6 10.69 12.46 0.86 C27 -0.39 1.85
Figure A.58: Strength verification for combined bending and compression tension stresses.
people yo 0.4] floors
uLs people and furniture y0 0.4 floors ULs: n
snow ¥0 0| roof 6.10(a); 1.2 Gy + 1.35¥0,Qu; + 1.35 ) ¥, 0u
Wind yo 0| facade =3
people vl 05| floors -
6.10(b): 1.1 Gy + 1.35Q,, + 1.352_1'0_,%
people and furniture ¥l 0.5] floors —
SNOW ¥l 0.2 roof
s Wind vl 0.2] fagade
SLS: n
people ¥2 0.3| floors z
6.14(b): Gp + ¥ + 1.35 ¥
people and furniture y2 03| floors (b): G+ y1Qur Y2 Qu
snow y2 0 roof s
Wind y2 0] fagade

Figure A.59: Tested combinations and factors.
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Figure A.60: The structural system.

Figure A.61: Volumes beams.

Beam number d(m) h {m) I{m) I"(m) V(m3) Location Location code Partly factors Total V
la 0.15 0.18 3.40 3.40 0.09 Facade
1b 0.15 0.18 3.40 3.40 0.09 Facade
2a 0.15 0.25 3.40 3.40 0.13 Indoors
2b 0.15 0.25 3.40 3.40 0.13 Indoors
3a 0.15 0.18 3.4 3.40 0.09 Facade
3b 0.15 0.18 3.40 3.40 0.09 Facade
3 0.15 0.25 4.30 4.15 0.16 Indoors
4 0.15 0.35 4.80 4.575 0.24 Facade
5 015 025 430 4075 0.09 RS 06 015
0.07 0.44
6 015 025 495 470 0.07 RS 0.38 0.18
0.11 0.62
7 0.15 0.25 4.80 4.65 0.17 Facade
8 0.15 0.18 1.60 1.45 0.04 Facade
9 0.15 0.18 1.60 1.45 0.04 Facade
10 0.15 0.30 4.80 4.65 0.21 Indoors
11 0.15 0.25 4.80 4.6 0.17 Facade
12 0.15 0.30 4.95 4.725 0.21 Indoors
15 0.15 0.18 4.95 4.725 0.13 Indoors
16 0.15 0.25 4.30 4.15 0.16 Indoors
17 0.15 0.30 4.95 4.775 0.21 Facade
18 0.15 0.30 4.30 4.125 0.19 Facade
19 0.15 0.18 4.00 3.8 0.10 Facade
20 0.15 0.18 4.00 3.8 0.10 Facade
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Columns d (m) h (m) I{m) V (m3) Location Location code Total element V Factor
C1 0.15 0.15 2.45 0.1 Facade w2
c2 0.15 0.15 2.45 0.1 Facade W2
0.1 w2 0.50
c3 0.15 0.20 3.65 01 Facade 9 0.11 0.50
0.1 w2 0.33
ca 0.15 0.30 3.65 Partly facade 0.16
Indoors - Load
0.1 . 0.67
cs 0.15 0.20 3.65 0.1 Facade 0.11 050
0.1 0.50
C6 0.15 0.20 3.65 0.1 Facade
0.03 0.16
c7 0.15 0.30 3.65 014 Partly facade Indoors - Load 0.16
i Bearing 0.84
cs 0.15 0.25 3.65 0.1 Facade
(o] 0.15 0.20 3.05 005 Facad 0.1 05
X X . 0.05 acade X 0s
Cc10 0.15 0.20 3.05 0.1 Facade
c11 0.15 0.20 3.05 0.05 Facade 0.1 03
0.05 W4 0.5
Figure A.62: Volumes columns.
Facade
Wall Area (m2) Thickness (m)  Vfacade(m3)
O o XS s
W2 46.70 0.35 16.3
w3 40.55 0.35 14.2
W4 36.00 0.35 126 Wall Thickness (m) V (m3)
5.75 0.35 2.0 Load Bearing 0.075 5.0
Total 169.55 59.3 Separation 0.075 3.1
Timber Beams Timber Columns V' Timber studs ~ Window -
Wall Wall Volume (m3) X Timber sum Hempcrete
V (m3) (m3) Volumes openings
12.46 0.53 0.24 0.24 1.73 1.00 11.46
w2 12.54 0.41 0.27 0.35 3.81 1.03 11.51
w3 10.41 0.46 0.21 0.19 3.79 0.86 9.55
w4 11.40 0.40 0.18 0.11 1.20 0.69 10.71
[ ws | 2.01 0.00 0.03 0.00 0.00 0.03 1.99
Li Bearil
CedBesing 5.53 0.13 0.97 1.67 3.86
1.29 0.25
Separation 2.31 0.00 0.00 0.20 0.81 0.20 2.11
Total 56.67 3.08 1.18 1.21 12.30 5.47 51.19

Figure A.63: Hempcrete design.



257

Studs on fagade
External openings  Total Volum studs Facade

0.044

0.044

0.055

0.047

0047 [

0.053

0.055 0.108

0.071

0.060

0057 L o

0.039

0.240

0.034

0.036

0.000

Figure A.64: Studs.
Windows
External openings Total Area windows Facade Sum

0.720
0.720
1.900
0.800
0800 | asw0 |
1.520
1.900 3.420
5.760
3.520
1540 o |
4.800
2.000
1.440

2510 0 |

Figure A.65: Windows.
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