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Summary

Energy conversion systems have assumed a crucial role in current society. The

threat of climate change, fossil fuel depletion and the growing world energy

demand ask for a more sustainable way of electricity production, eg, by using

renewable energy sources, by improving the conversion efficiency and/or by

controlling power plant emissions. Despite the relationship between exergy

and sustainability stated in literature, exergy losses are usually not considered

when comparing systems and energy sources for power generation. The

exergetic sustainability assessment method named Total Cumulative Exergy

Loss (TCExL) has been used to assess several systems for electricity production,

ie, a coal‐fired power plant, a coal‐fired power plant including carbon capture

and storage, a biomass‐fired power plant, an offshore wind farm and a photo-

voltaic park. The results of the TCExL method have been compared with an

environmental sustainability indicator, ie, the overall ReCiPe endpoint indica-

tor and the economic indicator named Present Worth Ratio. The offshore wind

farm is the best system from the exergetic and environmental point of view. The

photovoltaic park is the system with the second‐best scores. However, from the

economic viewpoint including subsidy by the Dutch government, the photovol-

taic park performs better than the wind farm system and the system that

performs best is the biomass‐fired power plant. Without subsidy, only the

coal‐fired power plant without carbon capture and storage is profitable. The

exergetic sustainability scores of the coal‐fired and biomass‐fired power plants

are similar, but from the environmental sustainability viewpoint, the bio-

mass‐fired power plant performs better than both coal‐fired power plants. As

the results of environmental and economic sustainability assessments strongly

depend on models, weighting factors, subsidy, market prices, etc, while the

results of the exergetic sustainability assessment do not, it is recommended that

the exergetic sustainability be taken into account when assessing the sustain-

ability of power generation and other technological systems.
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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1 | INTRODUCTION

Electricity has become crucial in modern society. How-
ever, the impact on the environment of its production is
considered as one of the main causes of global warming.
Not only the threat of climate change but also the exhaus-
tion of fossil energy sources stimulate the transition from a
power generation system based on coal, oil and gas to one
where renewable energy sources like biomass, sunlight,
and wind are strongly exploited. Usually, the assessment
and comparison of power generation systems is done by
applying environmental and economic sustainability
assessment methods. Environmental sustainability assess-
ment methods have the disadvantage that they use models
and weighting factors for the quantification of environ-
mental impact. Economic methods do not include all indi-
rect costs and their results strongly depend on market
developments causing the outcomes of an economic
assessment to change over time. The quality of energy,
ie, exergy, is usually not considered when assessing and
comparing power generation systems, although every pro-
cess and activity requires exergy and is accompanied with
the loss of exergy. This loss of exergy is irreversible. Cap-
turing exergy from solar and/or tidal energy is the only
way to replenish the amount of exergy on earth. According
to literature, eg, Dincer and Rosen,1 exergy and sustain-
ability are related. They illustrate qualitatively that the
environmental impact of a process decreases and its sus-
tainability increases when the exergy efficiency of the pro-
cess is increased. Hammond2 states that energy and exergy
analyses are appropriate measures of sustainability in and
beyond the energy sector even if their results have to be
applied with some care. Al‐Zareer et al3 use exergy analy-
sis to evaluate the sustainability of an integrated system for
compressed hydrogen and electricity production based on
a Generation IV nuclear reactor, while Ozlu and Dincer4

perform an energetic and exergetic analysis and an envi-
ronmental impact assessment to study and optimise a
multigeneration energy system where solar energy is used
to produce electricity for a building by means of a Kalina
cycle. The Total Cumulative Exergy Loss (TCExL) method
has been developed as a means that enables taking into
account as many aspects of sustainability as possible in an
objective way.5 All exergy losses caused by a technological
system during its life cycle are considered. In this paper,
the TCExL method, a regular environmental sustainability
assessment method that calculates ReCiPe endpoint indica-
tors, and a method for the assessment of the economic
sustainability that calculates the Present Worth Ratio
(PWR) of the systems are used to assess the following five
systems for power generation: a coal‐fired power plant, a
coal‐fired power plant including carbon capture and stor-
age (CCS), a biomass‐fired power plant, an offshore wind
farm and a photovoltaic park. This study differs from other
studies in the sense that not only the environmental and
economic sustainability of the five power generation sys-
tems is assessed but also their exergetic sustainability. The
results of the assessments are compared and discussed. This
paper is an improved version of the paper presented by
Stougie et al,6 which has also been extendedwith the results
of the economic sustainability assessment.
2 | SUSTAINABILITY ASSESSMENT

The assessment of the environmental, economic and
exergetic sustainability of the power generation systems
is carried out from a life cycle perspective as it is impor-
tant to include the supply chains of the systems as well
as the life cycle stages of the systems. These life cycle
stages comprise not only the construction of the systems
and their operation but also their decommissioning. The
life cycle viewpoint implies that technological systems
such as the wind farm and the photovoltaic park consume
nonrenewable resources and cause emissions such as
carbon dioxide from fossil origin as well. The functional
unit used in the sustainability assessments is set at 1 PJ
of power generation. The three sustainability assessment
methods are described in more details in sections 2.1 to 2.3.
2.1 | Environmental sustainability

The environmental sustainability of the power generation
systems is determined by modelling the systems with the
help of the life cycle assessment software tool named
SimaPro,7 ie, version 8.1.1.6, which includes ecoinvent
database version 2.2.8 SimaPro provides several methods
for the calculation of environmental indicators.

The ReCiPe 2008 method9 was selected for this
research as it has been developed by life cycle assessment
experts and because it enables the calculation of one over-
all environmental sustainability indicator per system. The
ReCiPe method is a life cycle impact assessment method
that comprises harmonised category indicators at the mid-
point and the endpoint level. The original midpoint and
endpoint approaches that the ReCiPe method builds on
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are the CML midpoint approach10 and the Eco‐indicator
99 endpoint approach,11 respectively.9 The overall ReCiPe
endpoint indicator is based on three ReCiPe endpoint
indicators, which separately indicate damage to human
health, ecosystem diversity and resource availability. The
damage to human health is measured in disability‐adjusted
loss of life years. The damage to ecosystem diversity
considers the loss of species during a year. The damage to
resource availability measures the increased costs of min-
eral and fossil resources and is calculated from the mar-
ginal cost increase, the annual consumption of resources
and the net present value (NPV) of money.9 In accordance
with the default normalisation and weighting set, ie, “ReC-
iPe Endpoint (H) V1.12/Europe ReCiPe H/A,” the three
endpoint indicators account for 40%, 40% and 20% of the
overall ReCiPe endpoint indicator, respectively, as there
was no reason to deviate from the default normalisation
and weighting set. A lower ReCiPe score of a system indi-
cates a higher environmental sustainability of this system.
2.2 | Economic sustainability

Two indicators of the economic sustainability of the sys-
tems have been calculated, ie, the NPV as well as the
PWR.12 The PWR is defined as the NPV of the revenues
and costs during the lifetime of the system over the NPV
of the investment costs (I) of the system (Equation 1).

PWR ¼ NPV=∑t¼i
t¼0

It
1þ rð Þt (1)

An advantage of the PWR over the NPV is that the
PWR considers the investment costs of the systems as
well.12 If the PWR of a system is a positive number, it is
profitable to invest in the system. The higher the PWR,
the more likely the investment is. The PWR differs from
the (conventional) benefit cost ratio, which needs to be
larger than 1 for an investment to be profitable.13,14 The
costs related to decommissioning of the power generation
systems themselves are not taken into account as it is
assumed that these costs are low compared with the
investment costs. In accordance with the discount rate
used for private effects in social cost‐benefit analyses in
the Netherlands, this discount rate (r) has been specified
at 8 per cent.15

If the capacity of the main installation, ie, the power
generating system itself, is larger than 1 PJ per year, the
investment costs are assumed to be proportional to the
original investment costs. If the main installation pro-
duces less than 1 PJ of electricity per year, the well‐known
six‐tenths rule is applied to calculate the investment costs.
It is assumed that the time needed for building the coal‐
fired and biomass‐fired power plants equals five years
and that it takes three years to construct the wind farm
and photovoltaic park. The investment costs are assumed
to be spread equally over the construction period. The
lifetime of the systems after construction is assumed to
be 20 years with the exception of the photovoltaic park,
which is assumed to have a lifetime of 30 years. Unless
stated otherwise in section 3, the yearly operation and
maintenance costs (OpEx) are assumed to be 4% of the
investment costs. Finally, it is assumed that the price of
electricity equals 60 €/MWh.16
2.3 | Exergetic sustainability

In 2012, the TCExL method was introduced as a result
of research into sustainability and exergy aimed at finding
or developing a method that considers as many aspects
of sustainability as possible in an objective way.5 The
method can be regarded as a combination and/or
extension of the Cumulative Exergy Consumption and
Abatement (CExCA) method,17 the Cumulative Exergy
Extraction from the Natural Environment (CEENE)
method,18 and the Exergetic Life Cycle Assessment
(ELCA) method.19 Aspects of sustainability that are only
indirectly considered in the TCExL method are the deple-
tion and scarcity of resources. These aspects are taken into
account via the exergy loss caused by the extraction of
these resources, which is assumed to increase as a
resource becomes scarcer. Alternatively, the assessed
technological system could include technological installa-
tions for the transformation of the outputs to the required
inputs, ie, closing the material cycles.

The economic and social aspects of sustainability have
not been incorporated in the TCExL method as adding
factors or equations to do so would result in a less objec-
tive method and because the economic and social aspects
are already related to exergy loss via the inputs and out-
puts of technological systems.

The TCExL method takes into account all exergy losses
caused by a technological system by considering the fol-
lowing three components: internal exergy loss caused by
the technological system itself, the exergy loss resulting
from abatement of emissions to an acceptable level and
the exergy loss related to the use of land (Equation 2).
The latter is important as the ecosystem is prevented from
capturing new exergy from sunlight by land occupation.20

The higher the TCExL indicator, the lower the exergetic
sustainability of a technological system is.

TCExL ¼ Exloss;internal þ Exloss;abatement þ Exloss;land use (2)

The internal exergy loss of a technological system is
calculated with the help of the Cumulative Exergy
Demand (CExD)21 of the system as reported by the



TABLE 1 Inputs and outputs of the MPP3 related to the produc-

tion of 1 PJ of electricity

Name Unit Amount

Coal kton 92

CO2 Mton 0.21

NOx ton 53

SO2 ton 32

PM10 ton 3.3

HCl ton 0.63

HF ton 0.36

Waste heat (flue gases) TJ 83

Waste heat (water) PJ 1.2
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SimaPro software, which represents the exergy input.
Subtracting the amount of exergy represented by the
product or products and the emissions and waste flows
from the CExD results in the internal exergy loss
(Equation 3). The amount of exergy represented by the
outputs is calculated from the amounts of emissions and
waste flows reported by SimaPro and the standard exergy
values of these components.22 The calculation of the
amount of exergy represented by emissions is limited to
the emissions that amount to 99% by mass of all emissions
as it is undoable to calculate the exergy values of the
nearly 900 pollutants reported by SimaPro.

Exloss;internal ¼ CExD−Exproduct sð Þ−Exemissions&waste flows

(3)

The exergy loss related to the abatement of emissions
to an acceptable level is calculated from the amounts of
carbon dioxide of fossil origin, nitrogen oxides, sulfur
dioxide and phosphate emitted by the system as reported
by SimaPro and the abatement exergy loss values of these
emissions (Equation 4). The abatement exergy loss of the
four emissions equals 5.86,23,24 16, 57 and 18 MJ/kg,19

respectively. The reason for limiting the calculation of
the abatement exergy loss to these emissions is that
exergetic data about the abatement of other emissions
have not yet been found in the literature.

Exloss;abatement ¼ ∑ emissioni ·exloss;abatement;i
� �

(4)

The exergy loss related to land use is calculated from
the amounts and types of land occupation by the techno-
logical system as reported by SimaPro and a worldwide
average exergy loss of 215 GJ per hectare per year
(Equation 5). This worldwide average exergy loss origi-
nates from the net primary production reported by Haberl
et al,25 ie, the net amount of biomass produced when land
is not occupied, and an average biomass exergy conver-
sion factor of 42.9 MJ exergy per kg of carbon.26 The land
use types that refer to biomass are not taken into account
when calculating the exergy loss related to land use to
prevent double counting. Land use types that refer to
marine ecosystems are neither taken into account because
of the very small amount of solar energy that is captured
by these ecosystems.18

Exloss;land use ¼ land use·215 GJ= ha·yearð Þ (5)

3 | POWER GENERATION SYSTEMS

The following sections briefly describe the power genera-
tion systems that have been assessed.
3.1 | Coal‐fired power plant

The MPP3 power plant, a new ultrasupercritical power
plant in the Rotterdam port area of the Netherlands,27

forms the basis of the coal‐fired power plant of this
research. By using ultrasupercritical steam of about
600°C and 300 bar, the power plant obtains an electrical
efficiency of about 46%.28 Its gross capacity amounts to
about 1100 MWe. Table 1 presents an overview of the
inputs and outputs of the MPP3.

The investment costs of the power plant amount to
€1.7 billion,29 which becomes €59 million when allocated
to the production of 1 PJ of electricity. The coal price is
assumed to equal €2.15 per GJ.30
3.2 | Coal‐fired power plant with CCS

The coal‐fired power plant with CCS is modelled on the
MPP3 power plant as well, but in this case, about
23 vol% of its flue gases is led through a CCS unit in which
monoethanolamine is used to capture about 90% of the
carbon dioxide. The CCS unit and its effects on the electri-
cal efficiency of the power plant are modelled on the Rot-
terdam capture and storage demonstration (ROAD)
project.31 In line with the ROAD project, the captured car-
bon dioxide is transported to a nearly empty gas field in
the North Sea. The conditions during transport are about
128 bar and 65°C. The carbon dioxide capture results in a
57 MWe decrease in power generation capacity because of
its electricity and steam consumption.32 Table 2 presents
the inputs and outputs of this variant of the MPP3 power
plant.

For the construction of a CCS unit of a 400 MWe
power plant, 5560 ton of carbon steel and 1470 ton of
stainless steel are needed.33 As the CCS unit of the ROAD
project has the size of a CCS unit meant for a 250 MWe
power plant, it was assumed that 3475 ton of low‐alloyed



TABLE 2 Inputs and outputs of the MPP3 including carbon cap-

ture and storage related to the production of 1 PJ of electricity

Name Unit Amount

Coal kton 98

CO2 Mton 0.19

NOx ton 56

SO2 ton 34

PM10 ton 3.5

HCl ton 0.66

HF ton 0.38

Waste heat (flue gases) TJ 63

Waste heat (water) PJ 1.3

TABLE 3 Inputs and outputs of the biomass‐fired power plant

related to the production of 1 PJ of electricity

Name Unit Amount

Wood pellets million m3 0.23

CO2 (biogenic) Mton 0.22

CO (biogenic) kton 1.2

NOx kton 0.47

PM10 ton 35
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(carbon) steel and 919 ton of chromium (stainless) steel
are needed, ie, 250/400 times the amount needed for a
400 MWe CCS unit. The influence of this assumption on
the results has been investigated by carrying out environ-
mental and exergetic sustainability assessments of the
power plant with a 400 MWe CCS unit as well. The trans-
port of the materials needed for constructing the CCS unit
was modelled analogous to the transport of the other
materials needed for constructing the power plant
described in the ecoinvent database. The construction of
the 5 km onshore and 20 km offshore pipelines was
modelled on the ecoinvent processes “pipeline, natural
gas, long distance, high capacity” onshore and offshore
pipelines,34 which have been modified in accordance with
the information about the pipelines to be used in the
ROAD project.35 The construction of the platform needed
for the injection of the carbon dioxide is not included in
the assessment as the ROAD project describes the use of
an existing platform.

The investment costs of the CCS unit equal about €450
million.29 The total investment costs related to 1 PJ of
electricity generation amount to €79 million. The OpEx
of the 1 PJ power system have been calculated at €2.8 mil-
lion per year, which is based on the investment costs of
the power plant itself and the reported additional OpEx
of the CCS unit. The credits that can be obtained by sell-
ing the rights not needed for carbon dioxide emission,
which is in line with the European Union carbon dioxide
emission trading system, were set at €20 per ton. This is a
reasonable price although the current price is much lower
because of an abundance of emission rights.
Total organic carbona ton 12

Waste heat (flue gases) PJ 0.65

Waste heat (water) PJ 0.22

Slags and ashes kton 1.5

aOrganic components in the flue gas measured as carbon.
3.3 | Biomass‐fired power plant

The biomass‐fired power plant is based on unit 8 of the
Amercentrale power plant located in Geertruidenberg,
Netherlands,36 which normally co‐fires coal and about
30 mass% biomass. It has a capacity of 645 MWe and
250 MWth. The transformation of this unit into a 100%
biomass‐fired power plant results in a power plant with
an electrical efficiency of 39%, which produces 17 PJ of
electricity and 8 PJ of heat per year.37 The biomass, ie,
wood pellets, is assumed to originate from Georgia
(USA).5 The model of this modified power plant is an
improved version of the model developed by Giustozzi.38

Table 3 shows the inputs and outputs.
The investment costs of unit 8 of the Amercentrale

power plant, its conversion to a 100% biomass‐fired power
plant plus the wood pellet plant are estimated at €977 mil-
lion and equal €77 million when related to 1 PJ of electric-
ity production. A subsidy by the Dutch government of
€35.3 million per year, related to 1 PJ of electricity, is
taken into account during the first 15 years of operation.
The OpEx of the combined system have been calculated
at €2.4 million per year for a 1 PJ power system. The price
of wood pellets is assumed to be €120 per ton.38
3.4 | Offshore wind farm

The offshore wind farm is a model of the planned offshore
wind farms named Borssele I and II, located near
Borssele, Netherlands, which will be taken into operation
in 2019.39 The effective areas of the sites equal 49 and
63 km2, respectively. Giustozzi38 developed the model of
the offshore wind farm that is used for the sustainability
assessment of this system. According to this model, each
site comprises 95 offshore wind turbines of the Siemens
SWT‐4.0‐130 type40 with a capacity of 4 MW each, which
are the same wind turbines as applied in the Gemini off-
shore wind farm in the Netherlands.

The investment costs amount to €2 billion, ie, €162
million per PJ, and a subsidy of €0.086 per kWh by the
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Dutch government during the first 15 years is
considered.38
3.5 | Photovoltaic park

The photovoltaic park is modelled on the largest solar
park in the Netherlands, ie, the Sunport Delfzijl, which
was taken into operation on 19 January 2017.41 The
capacity of this solar park equals about 30 MW and it
consists of about 123 000 modules of the CS69‐265P type
with a capacity of 265 Wp.42 The model of the photovol-
taic park by Giustozzi38 including a few adaptations made
on the basis of new information about the solar park was
used for the sustainability assessments.

The investment costs for this photovoltaic park
amount to €30 million. As described in section 2.2, this
leads to €124 million per PJ of electricity generation. Fur-
thermore, a subsidy by the Dutch government of €0.084
per kWh during the first 15 years is considered.38
4 | RESULTS AND DISCUSSION

The results of the environmental sustainability assess-
ment are presented in Tables 4 and 5. Table 4 presents
the results including infrastructure processes and
Table 5 presents the results without infrastructure pro-
cesses. It is learnt from a comparison of Tables 4 and 5
that the environmental sustainability of the offshore wind
farm and the photovoltaic park is mainly caused by infra-
structure processes, which is understandable because of
TABLE 4 Results of the environmental sustainability assessment of th

Damage Category (MPt)a MPP3 MPP3 wit

Human health 8.6 8.0

Ecosystems 4.5 4.0

Resources 6.2 6.6

ReCiPe total 19 19

Abbreviation: CCS, carbon capture and storage.
aThe damage category results have already been weighted on the basis of the sele

TABLE 5 Results of the environmental sustainability assessment of th

Damage Category (MPt)a MPP3 MPP3 wit

Human health 8.4 7.7

Ecosystems 4.3 3.8

Resources 6.1 6.4

ReCiPe total 19 18

Abbreviation: CCS, carbon capture and storage.
aThe damage category results have already been weighted on the basis of the sele
the nature of the energy sources they use during opera-
tion, ie, wind and solar energy, respectively. The environ-
mental impact of using coal and biomass as an energy
source is much higher and results in a small difference
between the results of the environmental sustainability
assessment with and without infrastructure processes.
As reported in Tables 4 and 5, the environmental sustain-
ability scores of the MPP3 systems with and without CCS
are comparable to each other and are worse than the envi-
ronmental sustainability score of the three systems that
generate power from renewable energy sources. Both
tables present the results of the MPP3 with a 250 MWe
CCS unit. It was calculated that the environmental perfor-
mance of the MPP3 with a 400 MWe CCS unit would be
only negligibly worse. Similar results were calculated for
a plant fed by natural gas with and without CCS.43 The
biomass‐fired power plant outperforms the coal‐fired sys-
tems, but the ReCiPe scores of the offshore wind farm and
photovoltaic park are considerably lower than the scores
of the coal‐fired and biomass‐fired power plants. The sys-
tem that is preferred from the environmental sustainabil-
ity point of view is the wind farm system.

The inputs and outputs of the MPP3 system with a
CCS unit that treats the total amount of flue gases instead
of only 23 vol% have been estimated from the data about
the coal‐fired power plant with CCS. It was assumed that
the amount of carbon dioxide captured, the decrease in
net electricity consumption and the amount of materials
needed for constructing the CCS unit are all linear. The
amount of extra electricity needed to compress the cap-
tured carbon dioxide to a pressure of 175 bar instead of
e systems including infrastructure

h CCS Biomass Wind Solar

2.7 0.19 0.74

7.9 0.070 0.75

1.5 0.25 0.61

12 0.51 2.1

cted ReCiPe average weighting set.

e systems excluding infrastructure

h CCS Biomass Wind Solar

2.5 0.0019 0.20

7.7 0.0010 0.51

1.2 0.0029 0.15

11 0.0058 0.86

cted ReCiPe average weighting set.



2922 STOUGIE ET AL.
128 bar has been considered as well, as the pipelines have
the capacity to transport 5 Mton of carbon dioxide per
year at 175 bar.35 The resulting environmental sustain-
ability score equals 14 MPt for the system including infra-
structure processes. The performance of this total CCS
system is better than that of the coal‐fired power plants
of Tables 4 and 5 but worse than the biomass‐fired system.

Table 6 shows the results of the economic sustainabil-
ity assessment of the power generation systems. Of the
systems that make use of renewable energy sources, the
results with and without taking into account subsidy are
presented. The MPP3 without CCS is not subsidised and
the amount of subsidy to be received by the MPP3 with
CCS system is unclear and therefore not included in
Table 6. As reported in Table 6, the systems that use
renewable energy sources are not profitable without sub-
sidy. The profitability of the MPP3 with CCS system
depends on subsidy and the credits obtained from selling
carbon dioxide emission rights, ie, the rights obtained
from the government that are not needed because of
applying CCS are sold. Assuming that the construction
of the CCS unit is fully subsidised, the PWR would equal
TABLE 6 Results of the economic sustainability assessment of the sys

(M€) MPP3a MPP3 with CCSb

Including subsidy

NPV

PWR

Excluding subsidy

NPV 16 −2.5

PWR 0.32 −0.038

Abbreviations: CCS, carbon capture and storage; NPV, net present value; PWR, P
aThe MPP3 system is not subsidised.
bThe possible amount of subsidy received by the MPP3 with CCS system is unkno

TABLE 7 Results of the exergetic sustainability assessment of the sys

(PJ) MPP3 MPP3 with C

CExD 2.7 2.9

Exergy of product 1.0 1.0

Exergy of emissions 0.38 0.38

Internal exergy lossa 1.3 1.5

Abatement exergy loss 1.4 1.2

Exergy loss land use 0.035 0.037

TCExLb 2.7 2.8

Abbreviations: CCS, carbon capture and storage; CExD, Cumulative Exergy Dema
aThe internal exergy loss is calculated as the exergy input minus the exergy outpu
bThe TCExL is the summation of the internal exergy loss, the abatement exergy l
0.34, which is about the same as the PWR of the MPP3
without CCS, but at the moment, the carbon dioxide
credits are (much) lower than the €20 per ton used in this
calculation. According to the results, the biomass system
is preferred from an economic sustainability point of
view, followed by the photovoltaic park and offshore wind
farm systems. However, the costs of especially the latter
two systems are declining rapidly, which makes it difficult
to draw firm conclusions about which system is the most
profitable.

The results of the exergetic sustainability assessment of
the five systems are summarised in Tables 7 and 8, includ-
ing and excluding infrastructure processes, respectively.
The CExD of the MPP3 with CCS system is higher than
the CExD of the MPP3 system, which can be explained by
the larger fuel consumption. As the carbon dioxide emis-
sion of the system with CCS is lower, the abatement exergy
loss is lower as well. Overall, this results in almost the same
exergetic sustainability scores of both power plants. Thus,
the exergetic sustainability of the systems is hardly influ-
enced by the construction of the CCS unit. The exergetic
sustainability of the MPP3 with a 400 MWe instead of a
tems including infrastructure

Biomass Wind Solar

156 110 170

2.2 0.73 1.5

−103 −65 −0.69

−1.5 −0.43 −0.0060

resent Worth Ratio.

wn.

tems including infrastructure

CS Biomass Wind Solar

4.0 1.1 1.4

1.0 1.0 1.0

0.52 0.018 0.086

2.4 0.13 0.29

0.27 0.020 0.077

0.072 7.5e‐4 0.20

2.8 0.15 0.57

nd; TCExL, Total Cumulative Exergy Loss.

t in the form of products and emissions/waste flows.

oss and the exergy loss related to land use.



TABLE 8 Results of the exergetic sustainability assessment of the systems excluding infrastructure

(PJ) MPP3 MPP3 with CCS Biomass Wind Solar

CExD 2.6 2.8 3.9 1.1 1.1

Exergy of product 1.0 1.0 1.0 1.0 1.0

Exergy of emissions 0.36 0.35 0.50 1.9e − 4 0.035

Internal exergy lossa 1.3 1.4 2.4 0.076 0.037

Abatement exergy loss 1.4 1.2 0.24 3.5e − 4 0.022

Exergy loss land use 0.029 0.031 0.059 2.3e − 7 0.20

TCExLb 2.7 2.7 2.7 0.076 0.26

Abbreviations: CCS, carbon capture and storage; CExD, Cumulative Exergy Demand; TCExL, Total Cumulative Exergy Loss.
aThe internal exergy loss is calculated as the exergy input minus the exergy output in the form of products and emissions/waste flows.
bThe TCExL is the summation of the internal exergy loss, the abatement exergy loss and the exergy loss related to land use.
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250 MWe CCS unit would only be negligibly higher when
considering the systems including infrastructure. As
expected, the results of the systems without infrastructure
processes are not influenced at all by the amount of
materials used for constructing the CCS unit.

The higher CExD of the biomass‐fired power plant
compared with the CExD of the coal‐fired power plants
also results in a higher internal exergy loss caused by
the biomass‐fired power plant. This can be explained by
the lower electrical efficiency of the biomass‐fired power
plant, ie, about 39% versus about 46% electrical efficiency
of the coal‐fired power plant without CCS. The abatement
exergy loss of the biomass system is considerably lower
than that of the two MPP3 systems, which is understand-
able as its carbon dioxide emission of fossil origin
amounts to less than 20% of the emission caused by the
MPP3 systems and also because the abatement exergy loss
is mainly caused by the abatement of carbon dioxide
emissions from fossil origin (and to a smaller extent by
the abatement of the other emissions included in the
calculation of the abatement exergy, ie, nitrogen oxides,
sulfur dioxide and phosphate). The abatement exergy loss
caused by the wind farm and the photovoltaic park is
small, but not zero as these systems cause emissions
during their life cycle that need to be abated, such as
carbon dioxide from fossil origin.

Tables 7 and 8 show as well that the TCExL scores of
the coal‐fired and biomass‐fired systems are higher than
TABLE 9 Relative contribution of the components to the TCExL scor

(%) MPP3 MPP3 with C

Internal exergy loss 48 54

Abatement exergy loss 51 45

Exergy loss land use 1 1

Total 100 100

Abbreviations: CCS, carbon capture and storage; TCExL, Total Cumulative Exerg
those of the offshore wind farm and photovoltaic park sys-
tems. From the exergetic sustainability point of view, the
offshore wind farm is preferred, but its TCExL score is
only a little lower than that of the photovoltaic park.
The same order of preference of the systems is obtained
regardless of whether the systems are assessed with or
without infrastructure processes.

The relative contribution of the three elements of the
TCExL to its overall value can be considerably different,
as shown in Table 9, and is strongly related to the intrinsic
characteristics of each system. Nevertheless, it should be
kept in mind that the abatement exergy loss is calculated
with the limitation that only carbon dioxide from fossil
fuels, nitrogen oxides, sulfur dioxide and phosphate are
considered, as information about the contribution of
other pollutants has not yet been discovered in literature.
However, this simplification does not have a great impact
on the results, because carbon dioxide, nitrogen oxides
and sulfur dioxide are by far the largest emissions.

The exergetic sustainability of a coal‐fired power plant
in which the total amount of flue gases is treated in a CCS
unit has been calculated on the basis of the aforemen-
tioned estimate of the inputs and outputs of this power
plant. This MPP3 with total CCS has a TCExL score of
2.6 PJ, which is a little lower than the scores of the
MPP3 with and without CCS mentioned before. It seems
that a maximum exists because the TCExL score of the
MPP3 with CCS is slightly higher (not visible in Table 8)
e of the systems including infrastructure

CS Biomass Wind Solar

88 86 51

10 14 13

3 1 36

100 100 100

y Loss.
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than the TCExL score of the MPP3. However, the differ-
ence between the TCExL scores of the MPP3 with and
without CCS is small and these calculations are based
on many assumptions.

The abatement exergy value of carbon dioxide has
been checked by comparing the results of the exergetic
sustainability assessment of the MPP3 systems without,
with partial and total CCS. Hereto, the increase of internal
exergy loss per amount of carbon dioxide captured has
been calculated. This resulted in 6.24 and 4.99 MJ internal
exergy loss per kilogram of captured carbon dioxide for
the MPP3 with partial CCS and MPP3 with total CCS,
respectively, which is of the same order of magnitude as
the 5.86 MJ/kg originating from literature that is used in
this research.

Summarising, the results of the environmental and
exergetic sustainability assessment are more or less com-
parable as the offshore wind farm is the preferred system
and the photovoltaic park is second best. The difference
among the ReCiPe scores of the systems is larger than
the difference between the TCExL scores of the power
generation systems. The environmental sustainability
assessment indicates that the biomass‐fired power plant
performs better than the coal‐fired power plants with
and without CCS, but the difference among the TCExL
scores of the coal‐fired and biomass‐fired power plants is
too small to decide which system performs better. The
results of the economic sustainability assessment are
largely influenced by whether these systems receive sub-
sidy or not. Without subsidy, the MPP3 without CCS is
the only profitable system. Of the three systems that make
use of renewable energy sources, the biomass power plant
appears to be the preferred system when taking into
account subsidy, but it would be the least‐preferred sys-
tem of all five systems when subsidy is not considered.
5 | CONCLUSIONS AND
RECOMMENDATIONS

The offshore wind farm system has the best environmen-
tal and exergetic sustainability scores of the five systems
that have been assessed. The second‐best system is the
photovoltaic park. This applies to the results including
infrastructure processes as well as the results excluding
infrastructure processes. The environmental sustainabil-
ity of the biomass‐fired system lies in between the perfor-
mance of the offshore wind farm and photovoltaic park at
the one hand and the coal‐fired power plants at the other
hand. The exergetic sustainability of the biomass‐fired
power plant is comparable to the coal‐fired power plants.

The three systems that make use of renewable energy
sources, ie, the biomass power plant, the offshorewind farm
and the photovoltaic park, are not profitable without sub-
sidy. The same holds for the coal power plant with CCS
assuming that the carbon dioxide credits equal €20 per
ton. When the subsidy by the Dutch government is taken
into account, the biomass power plant is the system with
the highest economic sustainability score and the photovol-
taic park performs second best, followed by the offshore
wind farm system as the third system. The coal power plant
without CCS does not need subsidy to be profitable. The
profitability of the coal power plant with CCS not only
depends on subsidy but also on the credits obtained from
selling carbon dioxide emission rights. Assuming that the
construction of the CCS unit is fully subsidised, the PWR
of the MPP3 with CCS would equal 0.34.

The results of the environmental, economic and
exergetic sustainability assessment are not unanimous
about the preference of the biomass‐fired system com-
pared with the coal‐fired systems.

From an environmental and exergetic sustainability
point of view, the difference between the results of the
coal‐fired power plants with and without CCS is very
small. The environmental sustainability score of a total
CCS system would be in between the scores of the coal‐
fired and biomass‐fired power plants. The resulting
exergetic sustainability score of this total CCS system
would be about the same as the score of the other coal‐
fired power plants. It is concluded that more research into
the advantages and disadvantages of CCS is needed. As
exergy is required for all processes and activities to occur
and the exergetic sustainability assessment is based on
thermodynamic laws while the environmental sustain-
ability uses models and weighting factors and the eco-
nomic sustainability is influenced by market prices,
subsidy, etc, it is advisable that attention be paid to the
exergetic sustainability of systems for power generation.
Preferably by calculating the TCExL score as it considers
the total loss of exergy caused by a technological system
during its life cycle.
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