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Abstract: 
The selection of power generation systems is important when striving for a more sustainable society. 
However, the results of environmental, economic and social sustainability assessments are subject to 
new insights into the calculation methods and to changing needs, economic conditions and societal 
preferences. Researchers active in the field of exergy and sustainability claim that exergy losses and 
sustainability are related. The Total Cumulative Exergy Loss method and the exergy replacement 
costs of minerals are used to assess and compare power generation systems that make use of fossil 
and renewable energy carriers. These power generation systems are the following: an ultra-
supercritical coal power plant, a power plant that co-fires coal and biomass, a wind farm, and a 
combined cycle power plant that uses bioethanol originating from the fermentation of verge grass. 
Furthermore, environmental, economic and social sustainability assessment methods are applied to 
assess the four power generation systems as well. On the basis of the results of the assessments, it is 
concluded that the wind farm system is preferred from the environmental, social and exergetic 
sustainability points of view, but not from the economic sustainability viewpoint. The advantage of the 
exergetic sustainability assessment method is that its results are not influenced by choices like 
whether verge grass should be considered a waste product or not. The influence of the exergy 
replacement costs on the results of the exergetic assessment is small, because less than 5 per cent of 
the exergy input of the systems during construction, operation and commission is of mineral origin. 
When looking at the infrastructural part of the systems only, the influence of the exergy replacement 
costs is larger because about 25 to 40 per cent of the exergy input is of mineral origin. 

Keywords: 
Sustainability, Power Generation, Total Cumulative Exergy Loss, Exergy Replacement Costs, 
Environmental, Economic and Social Sustainability. 

1. Introduction 
In general, sustainability is assessed from a life cycle point of view and subdivided into an 
environmental, an economic and a social sustainability component. The problem with these regular 
sustainability assessment methods is that the results of the assessments change over time because of 
e.g. new insights into the models that are used for calculating the environmental impact, indirect 
costs and market influences in the case of economic assessments and the availability and non-
quantitative nature of social data. Another shortcoming of regular sustainability assessment methods 
is that exergy losses are not taken into account, while researchers in the field of exergy and 
sustainability claim that exergy losses and sustainability are related, e.g. [1]. This research describes 
the assessment of the sustainability of four power generation systems by applying regular non-
exergetic sustainability assessment methods as well as an exergy analysis method that combines the 
recently developed Total Cumulative Exergy Loss method [2,3] and the exergy replacement costs of 
minerals [4,5]. The reason for including exergy replacement costs is that these costs not only take 
into account the chemical exergy value of minerals but also value the ore grade of the mines as a 
measure of their overall quality. Domínguez et al. [6] already demonstrated that ‘the chemical 
exergy component is not always a good accounting tool and should not be used in isolation’. The 
power generation systems that are assessed are the following: an ultra-supercritical coal power 
plant, a power plant that co-fires coal and biomass, a wind farm, and a combined cycle power plant 
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that uses bioethanol originating from the fermentation of verge grass. On the basis of the results of 
the assessments, conclusions are drawn about the sustainability of the four power generation 
systems and the value of exergy analysis in sustainability assessment of power generation systems. 

2. Sustainability assessment 
The environmental, economic and social components of sustainability are combined in the Life 
Cycle Sustainability Assessment (LCSA) method, e.g. [7], but this method is still under 
development and faces some difficulties, e.g. the qualitative nature of many social indicators and 
the weighting of the three components of sustainability. Furthermore, combining the three 
components into one number leads to the possibility that one component compensates for another 
component, which is known as ‘weak sustainability’. Therefore, it was decided to take into account 
the three components of sustainability separately. Also, a method is known that combines life cycle 
assessment and exergy analysis, i.e. the exergoenvironmental analysis [8], but this method allocates 
the results of an environmental life cycle assessment to the individual components of a process or 
system by applying exergy analysis, which is different from the goal of this research. 

In this research, the sustainability of the four power generation systems is assessed by applying the 
non-exergetic environmental, economic and social sustainability assessment methods and the 
exergy analysis method described in sections 2.1 to 2.4, respectively. From comparing the results of 
applying the assessment methods to the four systems and ranking of the systems per assessment 
method, conclusions can be drawn with regard to the value of exergy analysis in sustainability 
assessment. For example, what it means for the environmental sustainability if a system is chosen 
that is preferred from an exergetic point of view. The non-exergetic sustainability assessment 
methods have been introduced before, e.g. [2], and have been selected on the basis of a thorough 
literature research into sustainability assessment of technological systems because of their common 
use and/or usability in this research. The exergy analysis method is a combination of the recently 
developed Total Cumulative Exergy Loss method [2,3] and the exergy replacement costs of 
minerals [4,5]. 

2.1. Environmental sustainability 
An environmental Life Cycle Assessment (LCA) method that results in ReCiPe endpoint indicators 
is used to assess the environmental sustainability of the four systems. This ReCiPe method is a 
combination of the CML 2002 and Eco-indicator 99 methods and was presented in 2008 as the 
result of a thorough cooperation between experts in the field of LCA [9]. The ReCiPe method 
facilitates the calculation of midpoint indicators as well as endpoint indicators. These endpoint 
indicators are calculated from the midpoint indicators by applying models, which introduces 
uncertainty (e.g. [10]), but because of the need for a single environmental sustainability indicator 
per assessed system it has been decided to use endpoint indicators. In this research, the SimaPro 
Software tool version 8.0.4.26 [11] in combination with the ecoinvent database version 2.2 [12] is 
used to calculate these endpoint indicators. The default normalisation/weighting set, i.e. ‘ReCiPe 
Endpoint (H) V1.04’ and ‘Europe ReCiPe H/A’ of SimaPro is used to calculate the ReCiPe 
endpoint indicators. The higher the ReCiPe endpoint indicator score, the lower the environmental 
sustainability is. 

2.2. Economic sustainability 
The economic sustainability of the systems is assessed by calculating their Present Worth Ratio 
(PWR). This PWR not only takes into account the Net Present Value (NPV) but also the investment 
costs of the installations, and is defined as the NPV of the revenues and costs during the lifetime of 
the installation over the NPV of these investment costs. A higher PWR score indicates a more likely 
investment. The costs and revenues associated with fuels, raw materials, products, utilities, 
maintenance etc. have been included in the NPV. The following economic data have been used in 
this research. The lifetime of the installations after construction is assumed to be 20 years and the 
applied discount rate equals 8 per cent. The price used for coal is €2.65 per GJ and the price of 
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electricity is €60 per MWh. The brief descriptions of the systems include the yearly revenues used 
for calculating the PWR, thus without taking into account the capital costs. 

2.3. Social sustainability 
The social sustainability assessment method applied in this research was introduced in 2011 [13] as 
an alternative to the standard method for determining the social sustainability that is under 
development [14,15], and because it would be too time-consuming and costly to gather site-specific 
social data. The method makes use of the Inequality-adjusted Human Development Index (IHDI) of 
countries reported by the UNDP [16], the number of man-hours spent in the different stages of the 
production chains and the country of origin of the employees. The IHDI indicators have been used 
because they are reported for a large number of countries and because they take into account the 
inequality between the people living in a country as well. The overall IHDI of a system (IHDIoverall) 
is calculated from the percentage of man-hours per country relative to the total number of man-
hours (perc.man.hrsi) and the IHDIs of the countries the employees originate from as follows (1). 
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2.4. Exergetic sustainability 
The exergetic sustainability is assessed by applying the Total Cumulative Exergy Loss (TCExL) 
method [2,3] in combination with the exergy replacement costs of minerals [4]. The TCExL method 
is described in Section 2.4.1 and determines the exergy loss caused by a technological system 
including its supply chains during the phases of construction, operation and decommissioning. 
Although it is common practice to call an assessment a life cycle assessment if the aforementioned 
three life cycle phases are included, it is only a true life cycle assessment if technological 
installations for the transformation of the outputs to the required inputs are included in the 
assessment, i.e. if it is a ‘cradle to cradle’ system instead of a ‘cradle to grave’ system. The TCExL 
method can be applied to all kinds of technological systems and thus to ‘cradle to cradle’ as well as 
to ‘cradle to grave’ systems. The systems of this research are of the ‘cradle to grave’ type and 
therefore the TCExL method is combined with the exergy replacement costs of minerals described 
in Section 2.4.2 to include the ‘grave to cradle’ part of the systems as well (Section 2.4.3). 

2.4.1. Total Cumulative Exergy Loss (TCExL) method 
The Total Cumulative Exergy Loss (TCExL) method [2,3] was introduced in 2012 (under its 
previous name Cumulative Exergy Loss (CExL) method) [17] as an alternative to existing exergy 
analysis methods. The TCExL is the summation of the internal exergy loss caused by a 
technological system, the internal exergy loss caused by abatement of the resulting waste flows and 
emissions to an acceptable level and the exergy loss accompanied with the land used by the system. 
The TCExL method can be regarded as a combination of, or extension to, the exergy analysis 
methods known as Cumulative Exergy Consumption (CExC) [18], Cumulative Exergy 
Consumption and Abatement (CExCA) [19], Cumulative Exergy Extraction from the Natural 
Environment (CEENE) [20] and Exergetic Life Cycle Assessment (ELCA) [21]. The main 
difference between methods that calculate the (total cumulative) exergy loss (e.g. the TCExL 
method) and methods that calculate the total exergy consumption (e.g. CExC and Exergetic 
Cost/Exergy Cost methods [22]) is that the latter include the amount of exergy of the resulting 
products and by-products as well. In other words, the Exergetic Cost or Exergy Cost is larger than 
the amount of exergy that is lost. 

The internal exergy loss is equal to the difference between the total input and output of exergy of 
the system during the phases of construction, operation and decommissioning. This difference is 
calculated from the Cumulative Exergy Demand (CExD, [23]) reported by SimaPro/ecoinvent 
minus the amount of exergy represented by the products, emissions and waste flows of the system. 
Hereto, the exergy values of mass flows have been calculated from the standard exergy values of 
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substances and other thermodynamic data, e.g. [24]. As it was undoable to calculate the exergy 
values of all, i.e. more than 600, emissions reported by SimaPro, it was decided to calculate the 
exergy values of the largest emissions until at least the exergy values were known of the emissions 
that contribute 99% by mass of all emissions. 

The abatement exergy loss is calculated from the amounts of waste flows and emissions reported by 
SimaPro/ecoinvent multiplied by the abatement exergy values of these components. The abatement 
exergy values of the emissions are used because the exergy values of the emissions themselves are 
no measure of the environmental impact of these emissions. The abatement exergy values applied in 
this research are limited to the abatement exergy values of carbon dioxide, sulphur dioxide, nitrogen 
oxides and phosphates as abatement exergy values of other components have not yet been found in 
literature. The abatement exergy value of 5.9 MJ/kg for carbon dioxide is based on CO2 recovery 
via ethanolamine absorption and stripping followed by compression to 80 atm. for underground 
storage [25,26]. The 57 MJ/kg for sulphur dioxide is based on 90% removal of SO2 in a flue gas 
desulphurisation unit of a coal-fired power plant with limestone and subsequent conversion to 
gypsum [21]. The 16 MJ/kg for nitrogen oxides is based 80% removal in a DeNOx unit of a coal-
fired power plant as well [21] and the 18 MJ/kg for phosphates is the value for 99% removal [21]. 

The exergy loss accompanied with land use equals the amount of exergy that the ecosystem cannot 
capture from sunlight because of land occupation by installations, equipment etc. that are part of the 
assessed system. A worldwide average exergy loss of 215 GJ per hectare per year is calculated from 
the Net Primary Production [27], i.e. the net amount of biomass produced when this land is not 
occupied, and an average biomass exergy conversion factor of 42.9 MJ exergy per kg of carbon 
[28]. SimaPro/ecoinvent distinguishes between different types of land occupation. To prevent 
double-counting, the types of land use that are related to the growing of trees or another type of 
biomass are not taken into account in determining the exergy loss caused by land use. In addition, 
the types of land use related to marine ecosystems are not considered because of the very small 
amount of solar energy that is captured [20]. Summarising, the land occupation types that are not 
taken into account are all types of which the name contains ‘benthos’, ‘forest’, ‘pasture and 
meadow’, ‘permanent crop’, ‘sclerophyllous’, ‘seabed’, ‘vegetation’ or ‘water’. Biomass like trees 
or grass that is used as an input to a technological system is taken into account via the CExD 
calculated of that system. 

2.4.2. Exergy replacement costs of minerals 
The assessment of minerals is accomplished through the so-called exergy replacement costs. These 
costs represent the exergy that would be needed, applying current available technology, to replace 
the minerals into their original conditions after they have been dispersed at the end of their use 
phase [5]. The baseline used for calculating the exergy replacement costs is a model of an average 
dispersed crust, named Thanatia, which is a planet that describes a possible state of the earth where 
all available resources have been consumed and dispersed [29]. Thanatia can be used as a boundary 
limit to the calculations since the model includes a list of minerals with their respective 
concentrations in the crust which constitutes the lower limit of the ore grades. Every mineral deposit 
has exergy, the greater the difference between the concentration of the mineral in the dispersed crust 
and in the mine, the greater its exergy. The exergy needed to extract any given mineral increases 
exponentially as the concentration in the mine decreases, i.e. when the ore grade and the size of the 
particle decreases, the exergy needed to recover the mineral from the rock tends towards infinity. 
Exergy replacement costs are associated to the type of mineral analysed, the ore grade of the deposit 
and the energy intensity of the mining and beneficiation process. The scarcer a mineral, the higher 
the associated exergy replacement costs are. Consequently, scarcer minerals such as gold and 
mercury have a higher weight in the accounting process than common minerals such as limestone 
and phosphate rock. This way, exergy replacement costs can be used as a quality weighting factor 
for minerals based on thermodynamics. 
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2.4.3. Combination of the TCExL method and exergy replacement costs of 
minerals 

The TCExL method can be combined with the exergy replacement costs by substituting the CExD 
values of minerals with the exergy replacement costs of these minerals followed by calculating the 
total exergy input of the system (by hand) from the amounts of resources used by the system 
reported by SimaPro/ecoinvent and the CExD values or exergy replacement costs (in case of 
minerals) of these resources. 

3. Description of the power generation systems 
The four power generation systems that are assessed in this research are briefly described in the 
next four sections. The functional unit used in the comparison of the systems is the production of 
1 PJ of electricity. In case the systems produce by-products as well, this is accounted for via 
allocation of the inputs, emissions etc. to the product and by-products on an exergy basis. 

The assessment includes the extraction and/or growing, processing and transport of coal, wood 
pellets and other inputs as well as the treatment of the wastes and emissions according to the 
processes modelled in SimaPro/ecoinvent. The assessment includes the phases of construction, 
operation (including maintenance) and decommissioning of the installations and equipment. 

3.1. Coal-fired power plant 
The coal-fired power plant system (Fig 1.) is based on the new ‘Maasvlakte Power Plant No.3’ in 
Rotterdam, Netherlands, and is an adaptation of the ‘waste heat’ system previously presented as part 
of the LNG case study [2,3]. The coal-fired power plant system considers the power plant only, i.e. 
neither the production of H-gas, which is a mixture of evaporated LNG and nitrogen that is used by 
large-scale gas consumers in the Netherlands, nor the exchange of waste heat of the coal power 
plant with the LNG terminal and the LNG terminal itself are part of the system anymore. 
Furthermore, the carbon dioxide is not captured. 

The power plant has a capacity of 1070 MWe, it uses ultra-supercritical steam of about 600 °C and 
300 bars and has an electrical efficiency of about 47 per cent [30]. The coal consumption for the 
production of 1 PJ of electricity is 0.11 Mton. The emissions to air consist of 0.24 Mton of CO2, 
51 ton of NOx and 0.41 ton of SOx. Other emissions have not been included in the assessment as 
they are missing in the description of the power plant ([30]) and because it was not meant to 
conduct detailed environmental assessments of the systems. In addition, 0.81 PJ of waste heat is 
emitted to the ocean and 13 kton of slags/ashes result. 

The investment costs and yearly revenues excluding capital costs of the system allocated to the 
production of 1 PJ of electricity are €66 million and €6.0 million per year, respectively. 

The man-hours needed for exploration/processing, deep sea transport of coal and operation of the 
power plant have been calculated at 2·105, 7·104 and 2·104 man-hours per Mton of coal, 
respectively. 

 

Fig. 1.  Coal-fired power plant. 

3.2. Co-firing of coal and wood pellets 

The Amercentrale power plant in Geertruidenberg, Netherlands [31] is the power plant the co-firing 
system (Fig. 2) is based on. This power plant co-fires 87 kton of coal and 37 kton of trees 
(transformed into wood pellets) per PJ of electricity. The wood pellets are produced in the Georgia 
Biomass plant in the US [32] and then transported to the Netherlands. The coal power plant 
produces heat as well. On the basis of the exergy values of both products, 96% of the inputs, 
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emissions etc. of the power plant is allocated to the generated electricity. The power plant emits 
0.15 Mton of fossil CO2, 0.042 Mton of biogenic CO2, 0.12 kton of NOx, 37 ton of SO2 and 3.5 ton 
of PM10 per PJ of electricity. Like in the coal-fired power plant system, other emissions have not 
been included in the assessment.  

The investment costs and yearly revenues of the system allocated to the production of 1 PJ of 
electricity are €47 million and €8.0 million per year, respectively.  

The man-hours needed for exploration/processing and deep sea transport of coal as well as for 
operating the power plant are the same as in the previous system. The man-hours needed for the 
processing of trees to wood pellets and subsequent deep sea transport have been calculated at 2·105 
and 3·105 man-hours per Mton of wood pellets, respectively. 

 

Fig. 2.  Co-firing of coal and wood pellets. 

3.3. Wind farm 
The wind farm system is modelled after the wind farm that is under construction in the 
Noordoostpolder area in the Netherlands [33]. This system is slightly different from the wind farm 
system presented before ([2]) in the sense that now the Siemens SWT3.0 instead of the Siemens 
SWT3.6 is modelled as the off-shore wind turbine, which corresponds with the type of off-shore 
wind turbine that will be used in this area. The wind farm has a capacity of about 5 PJ of electricity 
per year and needs 2.4 PJ of wind energy per PJ of electricity. Back-up systems to deal with the 
discontinuity in electricity production caused by too low or too high wind speeds have not been 
taken into account in this research. As an alternative to back-up power plants, energy storage 
facilities are investigated by researchers world-wide. 

The investment costs allocated to 1 PJ of electricity amount to €198 million. The yearly revenues 
excluding capital costs and excluding subsidy are €8.7 million per year and the subsidy to be 
received during the first 15 years of operation is calculated at €12 million per year. 

It was assumed that all employees active during construction, operation and decommissioning of the 
wind farm system originate from the Netherlands, therefore the man-hours have not been 
calculated. 

3.4. Combustion of bioethanol from verge grass 
This bioethanol system (Fig. 3) consists of the growing, mowing and transport of verge grass, 
followed by its fermentation to bioethanol and subsequently combusting the bioethanol in a 
combined-cycle power plant. This system has a capacity of about 30 MW of electricity and is based 
on the research by De Vries [34]. 

 

Fig. 3.  Combustion of bioethanol from verge grass. 

The grass fibres and protein by-products of the fermentation processes are taken into account via 
allocation on an exergy basis, i.e. 28, 31 and 41 per cent of the impact of the fermentation process 
including its supply chains is allocated to the bioethanol product and grass fibres and protein by-
products, respectively. The possibility of the existence of heavy metals etc. in the verge grass, 
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originating from road traffic, has not been taken into account as it was not meant to conduct detailed 
environmental assessments of the systems. 

The investment costs allocated to 1 PJ of electricity equal €86 million. Assuming that €15 per ton of 
verge grass (40% dry matter) is received for its processing, the yearly revenues excluding capital 
costs amount to €21 million. 

Like in the wind farm system, it is assumed that all employees originate from the Netherlands. 

4. Results of the assessments 
The results of applying the environmental, economic and social sustainability assessment methods 
to the four systems are presented in Tables 1 to 3, respectively. The ReCiPe total score of the 
environmental assessment is subdivided into its three damage categories. The damage category 
human health contributes 32 to 44 per cent of the total ReCiPe score. The categories ecosystems 
and resources contribute about 25 and 35 per cent, respectively, but with the exception of the wind 
farm system where both categories contribute 12 and 56 per cent respectively. The total ReCiPe 
score of the wind farm system is small compared to the other systems, which is understandable 
because wind energy needs not to be transported and does not lead to flue gases etc. The 
environmental sustainability of the bioethanol system largely depends on the fact whether the verge 
grass input is considered a waste product, i.e. it uses ‘no’ land to grow, or not. If the land needed to 
grow the grass is taken into account, the ReCiPe score increases from 8.0 to 34 MPt. Furthermore, 
the results of the bioethanol system largely depend on the allocation of the impact of the 
fermentation process to the three products, i.e. the bio-ethanol product and the grass fibres and 
protein by-products, as 99% of the ReCiPe score, including infrastructure processes, is determined 
by the fermentation process including its supply chains. 

Table 1.  Results of the environmental sustainability assessment. 

Damage category 
[MPt] 

Coal power plant 
  

Co-firing Wind farm Bioethanol 

Human Health1 9.6 7.2 0.25 3.3 
Ecosystems1 5.0 5.4 0.093 1.7 
Resources1 7.2 6.2 0.44 3.0 
Total ReCiPe score 22 19 0.78 8.0 
1 The damage category numbers have already been weighted in accordance with the selected ReCiPe average weighting 
set. 

According to the results of the economic sustainability assessment in Table 2, the Bioethanol 
system is the most sustainable from an economic point of view. The reason for the high PWR 
compared to the other systems is that in the bioethanol system money is received for the processing 
of the feedstock, i.e. verge grass. The wind farm system has a negative PWR, indicating that this 
system is not profitable at the prices used. 

Table 2.  Results of the economic sustainability assessment. 

 Coal power plant  Co-firing Wind farm Bioethanol 
NPV [106 €]  8 17 -23 94 
Investment costs [106 €]1 57 40 184 80 
PWR [-] 7.2 6.2 0.44 3.0 
PWR 0.13 0.42 -0.12 1.2 
1 Net Present Value of the investment costs. 

The results of the social sustainability assessment are shown in Table 3. The wind farm and 
bioethanol systems have the highest social sustainability because it is assumed that all employees 
originate from the Netherlands (Sections 3.3 and 3.4). The coal power plant system has a lower 
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social sustainability than the co-firing system because the employees of the coal supply chain are 
from a country with a lower IHDI than the employees of the wood pellet supply chain. 

Table 3.  Results of the social sustainability assessment. 

 Coal power plant Co-firing Wind farm Bioethanol 
IHDIoverall [-] 0.633 0.639 0.857 0.857 
 

Table 4 presents the results of the exergetic sustainability assessment. The exergy input is a 
combination of the CExD and exergy replacement costs of minerals (Section 2.4.3). The wind farm 
system has the highest exergetic sustainability. The three other systems, which involve combustion 
of the fuel input, have about the same exergetic sustainability. The exergy input of the wind farm 
system is much lower because in SimaPro/ecoinvent only the wind energy captured by the wind 
turbine is considered as an input. Allocation of all wind flowing towards the wind turbines would 
result in an exergy input and TCExL that is 2.2 PJ higher, but then again the wind farm system has 
the highest exergetic sustainability. 

Table 4.  Results of the exergetic sustainability assessment. 

[PJ] Coal power plant Co-firing Wind farm Bioethanol 
Exergy input1 3.1 3.5 1.2 5.1 
Exergy of the product 1.0 1.0 1.0 1.0 
Exergy of emissions 0.38 0.38 0.026 0.91 
Internal exergy loss2 1.7 2.1 0.18 3.1 
Abatement exergy 1.5 1.0 0.051 0.48 
Exergy loss land use 0.040 0.0051 0.00087 0.023 
TCExL2 3.3 3.2 0.23 3.6 
1 The exergy input is a combination of the CExD and exergy replacement costs of minerals. 

2 The internal exergy loss is equal to the exergy input minus the exergy of the products and emissions. The TCExL is 
the summation of the internal exergy loss, the abatement exergy loss and the exergy loss caused by land use. 

When looking in more detail at the exergy input, it appears that the influence of the exergy 
replacement costs of minerals is quite small, which is understandable because the used amount of 
mineral inputs is small compared to the input of fossil and renewable inputs during the operation 
phase. Table 5 gives an overview of the origin of the inputs that contribute at least 1 per cent to the 
exergy input of the systems as a whole, thus including infrastructure processes, and the origin of the 
inputs that contribute at least 1 per cent to the exergy input of the infrastructural part of the systems. 

Table 5.  Overview of the origin of the inputs that contribute at least 1% to the exergy input of the 
systems and the origin of the inputs that contribute at least 1% to the infrastructural part of the 
systems. 

[% of total 
exergy input] 

Coal power plant Co-firing Wind farm Bioethanol 

Whole system, i.e. including infrastructure processes 
Mineral 0.0 0.0 3.9 0.0 
Renewable 0.0 23 89 74 
Fossil 95 74 4.9 22 
Total 95 97 98 96 

Infrastructural part of the system1 
Mineral 21 25 41 28 
Renewable 19 15 8.4 8.6 
Fossil 57 55 47 60 
Total 97 95 96 97 
1 Calculated from the inputs of the system including infrastructure processes and the inputs of the system excluding 
infrastructure processes. 
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Table 6 provides an overview of the results of the environmental, economic, social and exergetic 
sustainability assessments. The wind farm system is preferred from an environmental and exergetic 
point of view and is one of the systems with the highest social sustainability, but has the lowest 
economic sustainability. The difference in the exergetic sustainability of the three other systems is 
too small to draw conclusions about which system is second-best. Although it seems that the 
bioethanol system is the least preferred from an exergetic point of view, while it is the second-best 
from an environmental point of view. However, the environmental sustainability largely depends on 
the fact whether the verge grass input is considered a waste product, i.e. it uses ‘no’ land to grow, or 
not. The latter would result in a ReCiPe score of 34 instead of 8.0 MPt, but would not lead to a 
different exergetic sustainability. 

Table 6.  Results of the environmental, economic, social and exergetic sustainability assessments. 

 Coal power plant Co-firing Wind farm Bioethanol 
ReCiPe [MPt] 22 19 0.78 8.0 
PWR [-] 0.13 0.42 -0.12 1.2 
IHDIoverall [-] 0.63 0.64 0.86 0.86 
TCExL [PJ] 3.3 3.2 0.23 3.6 
 

5. Discussion and conclusions 
On the basis of the results of the assessments, it is concluded that the wind farm is preferred from 
the environmental, social and exergetic sustainability points of view, but not from the economic 
sustainability viewpoint. However, back-up systems to deal with the discontinuity in electricity 
production by the wind farm (caused by too low or too high wind speeds) have not been taken into 
account, but it is expected that the wind farm is still preferable from the environmental and 
exergetic sustainability points of view because of the large difference with the scores of the other 
systems. It must also be noted that the results of the environmental sustainability assessment are 
less certain because of the choice of ReCiPe endpoint instead of ReCiPe midpoint indicators, but 
the need for a single environmental sustainability indicator per assessed system resulted in the 
choice of endpoint indicators.  

The coal power plant and the co-firing system apply similar technologies, i.e. the combustion of 
coal and/or biomass, to generate power. According to the results of the assessments, the co-firing 
system performs better than the coal power plant does. The results of the environmental and 
economic sustainability assessment of the bioethanol system largely depend on choices with regard 
to considering verge grass a waste product or not. Besides, the environmental and exergetic 
sustainability assessment results of the bioethanol system are largely influenced by the allocation of 
the impact of the fermentation process including its supply chains to the bioethanol product and 
grass fibres and protein by-products as well, but the applied allocation on the basis of the exergy 
values of the products is considered appropriate in this research. The social sustainability of the 
bioethanol system is not influenced by the allocation as it has been assumed that all employees 
originate from the Netherlands. 

The advantage of the exergetic sustainability assessment method is that its results are not influenced 
by choices regarding an input being a waste product or not, and other uncertainties like market 
prices and the like. The exergetic assessment method takes into account all exergy losses caused by 
a system during its life cycle and leads to results that do not change over time. 

The influence of the exergy replacement costs of minerals on the results of the exergetic assessment 
appears small, because less than 5 per cent of the exergy input of the systems during construction, 
operation and commission is of mineral origin. When looking at the infrastructural part of the 
systems only, the influence of the exergy replacement costs is larger because about 25 to 40 per cent 
of the exergy input is of mineral origin. 
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6. Recommendations 
It is recommended that the TCExL method and the exergy replacement costs of minerals be 
implemented in life cycle assessment software tools and that abatement exergy values of more 
components be calculated. 
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