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a b s t r a c t

According to the European Commission’s 2050 Climate Strategy, renewable electricity is the most
important driver for decarbonising the energy system. The intermittent nature of wind and solar
creates a demand for dispatchable electricity production that can contribute to a stable and steady
supply all year. This supply can be provided, for example, by biomass boilers with combined heat and
power production. This paper analyses the potential for small-scale electricity production in Organic
Rankine Cycle systems (ORC) in different geographical contexts. The focus is on installing ORC systems
with existing biomass-fired boilers in district heating (DH) systems or industry, and with industrial
excess heat streams. Economic and climate effects are studied in three countries with different climates
and energy-market conditions, namely Sweden, the United Kingdom and Brazil. The results show that
there is the potential to install ORC systems around the world that are both economically viable
and reduce global greenhouse gas emissions. Equipment size has a large effect on the profitability
of the investments. Moreover, the benefits of tax exemptions and certificates for renewable electricity
production significantly impact profitability, particularly for smaller equipment sizes.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

According to the European Commission’s 2050 Climate Strat-
gy (European Commission, 2018), ‘‘the most important single
river for a decarbonised energy system is the growing role of
lectricity both in final energy demand and in the supply of
lternative fuels, which will be mostly met by renewables, and in
articular by wind and solar electricity’’. Globally, the demand for
lectricity has increased faster than that for other energy sources
IEA, 2020a). Additionally, the means of supplying electricity are
nder transformation as renewable sources such as wind and
olar photovoltaic (PV) play an ever-increasing role (IEA, 2020a).
owever, to avoid adverse effects, such as less secure energy sys-
ems due to the intermittent nature of wind and solar energy, this
ransition requires new approaches to the design and operation
f power systems (IEA, 2020a; Johnson et al., 2020).
Replacing stable electricity production from nuclear and fossil-

uel power plants with intermittent output from wind and solar
V, which have lower predictability and controllability, creates
demand for dispatchable electricity production that can guar-
ntee a steady supply all year (Jurasz et al., 2020). This supply
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can be provided, for example, by small-scale heat-driven elec-
tricity production, where the heat can be supplied by a biomass
boiler (Mascuch et al., 2020) or industrial excess heat (Bühler
et al., 2018; Lemmens and Lecompte, 2017). One such electricity
generation technology is the Organic Rankine cycle (ORC). In
the aforementioned case, the ORC acts as a combined heat and
power (CHP) plant, producing both electricity and heat. Unlike the
traditional steam cycle, ORCs use an organic working fluid with
a lower evaporation temperature than water, making it suitable
for low-temperature applications. For example, large amounts of
excess heat from industrial processes are not currently recov-
ered (Manz et al., 2021). Introducing electricity production from
this heat will increase resource efficiency and provide a secure
electricity supply. In the case of a biomass boiler, resource effi-
ciency can be increased by combining heat and power production
instead of only producing heat. This stable, distributed electric-
ity production can contribute to the baseload in the electricity
system and improve the network’s security. Distributed power
production can also release existing transmission capacity since
the electricity is produced closer to its users (Gomes and Saraiva,
2019).

Different technologies have been proposed for the recovery
of industrial excess heat (Broberg Viklund and Johansson, 2014;
Hammond and Norman, 2014; van de Bor et al., 2015), and

the potential for excess heat recovery has been investigated for
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ifferent countries and regions (Brueckner et al., 2014; Hammond
nd Norman, 2014; Miró et al., 2015; Papapetrou et al., 2018).
here are extensive studies of the technical performance of ORC
echnology; see e.g. Landelle et al. (2017), Ziviani et al. (2016)
nd Macchi et al. (2017). Various studies identified the technical
otential of small scale ORC systems for CHP power generation
Dong et al., 2009; Ferla and Caputo, 2022), and compared such
ystems with other technologies (Mascuch et al., 2020; Tagli-
ferri et al., 2018). Moreover, previous studies have evaluated
he techno-economic potential of electricity production using the
RC in several sectors. For example, the steel industry, cement
ndustry and glass manufacturing in Germany (Pili et al., 2020),
he oil-refining industry (Gangar et al., 2020), clinker manufac-
uring and the steel industry in Europe (Pili et al., 2017), the
luminium industry (Pan et al., 2020), the agrarian industry in
ndonesia (Nur et al., 2019) and Nigeria (Ofodu et al., 2019),
iomass-based DH plants (Goldschmidt, 2009), and the pulp and
aper industry in Sweden (Öhman, 2012). A few recent studies
nvestigated the techno-economic performance of biomass-based
ogeneration units using ORCs. Hennessy et al. (2018) found that
RC systems in DH plants are not economically feasible under
urrent Swedish market conditions, Braimakis et al. (2021) found
ow economic performance under favourable operational and
arket conditions in Greece, Finland and Germany, Pina et al.

2021) found that a hybrid solar–biomass ORC is not currently
rofitable in Spain, but could be profitable in the medium term if
nvestment cost reductions are achieved, and Diemuodeke et al.
2021) concluded that a rice husk fuelled plant in Nigeria would
esults in economic savings.

While the technical, economic, and environmental perfor-
ances of small-scale ORC systems have been studied for various
ases, few studies attempt to put these systems into the broader
ontext of the different local energy markets. These markets
ave particular geographies, climates, demographics and pol-
cy conditions, and the resources available are vastly different.
herefore, this study focuses on analysing the economic and
limate performance of small-scale CHP electricity generation
sing ORC systems in applications that identify and incorporate
ocal conditions. Three countries with different energy markets,
limates, and industrial sectors were considered for this purpose,
amely Sweden, the United Kingdom, and Brazil. This comparison
hen highlights how marginal electricity production and related
O2 emissions, feedstock prices, potential economic incentives,
tc. might influence the adoption of small-scale ORC systems in
ifferent local contexts. An analysis considering both GHG emis-
ions and economic aspects is important because achieving the
mbitious GHG emissions targets aiming at limiting the effects
f global warming requires technologies that combine resource
fficiency and economic feasibility. Only technologies that fulfil
hese requirements will receive relevant investments.

. Organic Rankine Cycle (ORC) systems

The ORC is in principle equivalent to a conventional Rankine
ycle but uses an organic working fluid instead of water. The
RC is well suited for generating electricity from low to high-
emperature heat sources (80–350 ◦C), depending on the thermal
roperties of the organic fluid used (Quoilin et al., 2013). How-
ver, the ORC is typically used in applications where the heat
ource is below 240 ◦C (Dai et al., 2009). The working principle
f an ORC system is shown in Fig. 1.
The design of an ORC system and its incorporation into the

verall installation is an engineering challenge in which thermo-
ynamic performance must be considered, along with possibili-
ies and constraints related to technical, economic, and environ-
ental aspects. All these aspects interact and should therefore
7681
be accounted for collectively during system design. The starting
point is the choice and design of the turbine (expander) solution
and the working fluid to be used. A deeper discussion of ORC
technology and its advantages and limitations can be found e.g. in
Macchi et al. (2017).

Many working fluids can be used in an ORC system, for exam-
ple common refrigerants used in heat pumps and refrigeration
systems or hydrocarbons. The choice depends primarily on the
temperatures between which the ORC will be required to work
(Garg et al., 2016). The thermodynamic characteristics of the fluid
and the temperature levels between which the cycle works set
the performance and efficiency limits. In general, organic working
fluids have a relatively large molecular complexity, a large molec-
ular mass, and low critical pressure. This leads to reduced techni-
cal demands and decreased costs due to lower system pressure,
fewer turbine stages or lower peripheral speed when compared to
traditional Rankine systems running on steam. Altogether, these
aspects are vital in adopting such systems to low-temperature
applications, for downsizing ORC systems to small-scale appli-
cations and keeping down investment and installation costs per
kilowatt-hour of electricity produced. Other working fluid aspects
to consider are price, risks (toxicity, flammability etc.), poten-
tial climate impact (global warming potential (GWP)) and ozone
depletion potential (ODP), see e.g. Luo et al. (2015). The develop-
ment of modern refrigerants has greatly decreased GWP and ODP,
and it is now possible to choose working fluids with excellent
performance and low climate and environmental impact.

3. Countries and system configurations studied

To account for the different geographical contexts and settings
of small-scale electricity production, three countries with differ-
ent climates, energy markets and regulations in the electricity
sector were selected. For example, Sweden and the UK have low
annual average temperatures, and thus the demand for comfort
heating exists, while in Brazil there is almost no demand for
comfort heating. At the same time, while the need for heating
exists in Sweden and the UK, the way in which this demand is
met is different. In Sweden, district heating (DH) systems are
most prevalent (Swedish Energy Agency, 2020a), while in the UK
individual heating units are more common, and only about 2% of
the heat demand is met by heating networks (ADE, 2018). The
ORC systems analysed are installations in (1) a Swedish district
heating system using biomass boilers (SE1), (2) a manufacturing
industry in the UK (UK1), and (3) a Brazilian agroindustry (BR1).
Additionally, the option of industrial excess heat (IEH) recovery
for electricity generation in the same markets was included in
the analysis (identified as SE2, UK2 and BR2). This option of IEH
recovery considers the same temperature levels as the three cases
mentioned before (SE1, UK1 and BR1) but with a lower condenser
temperature, as detailed in Section 4.3. The ORC systems consid-
ered range between 50 and 2000 kW installed electrical power
(kWel). Apart from being a growing application of ORC systems,
the case for IEH recovery provides an important basis for direct
comparison between the results for the three countries analysed,
as only the specific market conditions will affect these results
when compared to each other. A general description of the local
conditions relevant to the analysis is presented in this section for
each of the countries studied.

3.1. Sweden

In Sweden, all major cities and towns have district heating
systems (Werner, 2017), but only about 20% of these employ
combined heat and power production (Byman and Koebe, 2016).
Large systems often have combined heat and power production,



I. Cruz, M.T. Johansson and J. Wren Energy Reports 8 (2022) 7680–7690

a
s

s
s
b
n
t
d
t
b
(
1
c

Fig. 1. Schematic diagram of an ORC system with the internal energy flows emphasised. The system is connected to a heat source (e.g., a boiler) on the hot side,
and a heat discharge (e.g., the return flow of a district heating network) on the cold side.
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while the small systems mainly employ heat-only boilers. In these
small systems, which often have a capacity of 2–10 MWth and
re fuelled with wood chips, there is potential to install an ORC
ystem running as a CHP unit.
For case SE1, it was assumed that the ORC is installed in a

mall district heating system and that the heat output from the
ystem is the same as before the ORC installation. Therefore, more
iomass is purchased for the boiler to produce the extra heat
eeded for electricity production. ORC systems for this applica-
ion are designed to use heat from the boiler and reject heat to the
istrict heating return flow. The temperature difference between
he boiler and the district heating return is typically low, often
etween 60–120 ◦C, and the electrical efficiency is therefore low
2%–10%). However, the marginal electricity efficiency is close to
00% since nearly all the extra heat supplied to the ORC system is
onverted to electricity or used to heat the district heating return.
The assumption is that up to 1000 kWel installed capacity,

the electricity produced is used in-house by the heating plant to
cover its electricity requirements, which results in avoided costs
for purchased electricity, grid costs and some tax exemptions. For
plants larger than 1000 kWel, it is assumed that the first 20% of
the production above 1000 kWel is sold to the grid.

In Sweden, the renewable electricity certificate system pays
a premium for electricity produced with renewable resources
(Swedish Energy Agency, 2020b). Eligible production is awarded
electricity certificates for 15 years. Renewable electricity pro-
duction up to 100 kWel is exempt from electricity tax (Swedish
Finance Department, 2020). Regardless of the installed capacity,
a tax reduction to 0.5 EUR/MWh is applied for the share of
electricity used in-house.

3.2. The United Kingdom

In the UK, the ORC is assumed to be installed at an industrial
company with a demand for process heat. This could be e.g. an
industry for the food and drink sector, which responds for around
25% of the industrial energy use in the UK, out of which 65% is
demand for low-temperature processes (Law et al., 2013). The
electricity produced is used in-house by the company, with the
implication that the company avoids the costs of purchasing an
equivalent amount from the grid. In case UK1, the company owns
a biomass boiler on which the ORC is installed. To meet the
company’s heat demand, the heat output from the boiler and the
ORC system must be the same as the heat produced by the boiler
7682
before the ORC installation. Hence, there will be an increased
purchase of biomass.

The most relevant policy related to renewable electricity pro-
duction is the Smart Export Guarantee (SEG), which obliges elec-
tricity suppliers to buy electricity surplus from renewable sources
and applies to micro-CHP electricity generation up to 50 kWel or
lectricity only generation up to 5 MW (Ofgem, 2020).

.3. Brazil

The agroindustry is one of the most important industries in
razil and includes the production of livestock, coffee, soybeans,
ugarcane and citrus (Alves, 2020). The agroindustry generates
arge amounts of biomass waste, which is largely used as fuel
n the production of process heat. However, biomass waste is
ften greater than the demand for process heat. In such cases,
he waste is sometimes burnt without energy recovery or spread
ut in fields (Forster-Carneiro et al., 2013), especially in smaller
lants. The National Energy Plan 2030 (MME, 2007) has provi-
ions for greater adoption of biomass cogeneration in CHP plants,
specially using sugar cane bagasse.
For the BR1 case, it is assumed that the ORC is installed at an

groindustry site, and although there is a biomass excess, a fuel
ost is considered to maintain this case consistent with the cases
or the other countries. The electricity is assumed to be used in-
ouse by the industry, and hence the company avoids the cost of
urchasing electricity from the grid.
The electricity market in Brazil is partially regulated, depend-

ng on the power demand of the consumer. Consumers with a
ower demand below 500 kW are captive consumers and can
nly contract with the power distribution company in their re-
ion. The regulated market accounts for 70% of the total power
emand, and has prices approved by the national electricity mar-
et regulatory agency (ANEEL, 2020). From January 2021 on-
ards, the deregulated market is accessible to users with a con-
racted demand above 1500 kW, who are free to trade electricity
n the deregulated market (CCEE, 2021). Consumers with a to-
al demand between 500 kW and 1500 kW can trade in the
eregulated market only for electricity from certain renewable
ources, which include solar, wind, biomass, and small-scale hy-
ropower. These renewable sources benefit from exemptions in
ransmission and distribution network fees. Additionally, there is
simplified scheme for distributed generation from renewable

ources up to 5 MW (ANEEL, 2012).
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Fig. 2. System boundaries and system expansion, where the ORC equipment uses heat from a biomass boiler to produce electricity and supply district heating. In
he cases with excess heat recovery, the heat supplied to the ORC is industrial excess heat rather than heat from a biomass boiler.
. Methods and input data

.1. System boundaries

To understand the potential economic and environmental ben-
fits of installing the ORC systems considered, it is important
o understand both the surrounding energy system and the re-
ional characteristics (see Fig. 2). This study uses a consequential
nalysis with system expansion, which considers additional as-
ects related to the energy market (Pettersson et al., 2020). Since
his study evaluates long-term changes in electricity production,
he build-margin approach for assessing the effects of electricity
roduction in the ORC was used. In the analysis of the cases
or Sweden and the UK, the system is assumed to be part of
he European market for electricity and biomass. Factors that
nfluence this analysis are presented in Section 4.2.

.2. Scenarios

While the future cannot be predicted with certainty, different
cenarios that describe the future energy system can be used. In
his study, the ENPAC (Energy Price and Carbon Balances Sce-
arios) tool (Axelsson and Harvey, 2010) was used to generate
cenarios with build-margin technologies for electricity and heat
eneration across different timeframes, as well as related future
nergy prices and CO2 emissions. The tool provides consistent
nergy market scenarios that show the current and future energy
rices paid by end-users, and the CO2 emission factors related

to the use of different fuels, electricity and heat, from a life-
cycle perspective (Axelsson and Harvey, 2010). The scenarios
in ENPAC were constructed with an input of world commodity
energy prices and CO2 emissions charges based on the scenarios
published by the International Energy Agency in the report World
Energy Outlook (WEO) 2020 (IEA, 2020b).

The input scenarios from WEO2020 are Stated Policies (SP),
Delayed Recovery (DR) and Sustainable Development (SD) (IEA,
2020b). The SP scenario incorporates today’s policy intentions
and targets, and an assumption that the Covid-19 situation is
gradually brought under control and the global economy returned
to pre-crisis levels in 2021. The DR scenario makes the same
assumptions as the SP scenario but incorporates a prolonged
pandemic situation, with the global economy returning to pre-
crisis levels in 2023. Finally, the SD scenario maps out a way to
7683
fully meet sustainable energy goals, including the Paris Agree-
ment, energy access, and air quality goals. This requires rapid and
widespread changes across all parts of the energy systems.

When biomass is not considered a limited resource, the burn-
ing of biomass is seen as CO2 neutral and only includes emissions
from harvesting, transport, etc. On the other hand, when biomass
is considered a limited resource, competition for the resource is
included in the analysis. The consequence is that if the demand
for biomass increases in the system, the marginal (i.e., price-
setting) user of biomass has a deficit in supply and must therefore
use another energy carrier instead. For the Swedish and UK cases,
the price-setting user is assumed to be either a coal-fired power
plant with the capability of co-firing some wood fuel with the
fossil coal (thus fossil coal consumption is affected) or a producer
of biofuel for transportation (thus gasoline or diesel consumption
is affected) (Axelsson and Harvey, 2010). For the Brazilian case,
the price-setting user of biomass is assumed to be pig iron pro-
duction, with charcoal as the reducing agent (Leme et al., 2018;
Paiva, 2001) instead of coal (fossil coal consumption is affected).

The inputs for the scenarios and resulting prices and emission
factors are available in Table 1.

Possible build-margin technologies for electricity production
embedded in the ENPAC tool are coal-fired power plants and
natural gas combined cycle (NGCC) plants, with and without
carbon capture and storage (CCS), nuclear power and wind power.
Wind power is not allowed as a build margin in Sweden or the
UK in the SD scenario 2040 because it is assumed that by 2040
there will be no more growth potential in the continent. Policies
to support CO2-neutral technologies in the SD and SP scenarios
motivate why nuclear power is allowed for marginal electricity
production in the European context. However, in Brazil, nuclear
power is not assumed to be an alternative, as there are no plans
to increase nuclear capacity in Brazil according to the National
Energy Plan 2030 (MME, 2007). Moreover, coal-fired power plants
are not considered a marginal technology in Brazil, as the energy
plan only considers a small addition of such plants in the future,
with natural gas thermal plants taking a more significant role
(MME, 2007).

4.3. Technical and economic calculations

The efficiency of the ORC system was calculated for an evap-
orator hot side supply temperature of 120 ◦C, a typical supply
temperature in low-temperature hot water boilers, and a con-
densation temperature of 60 ◦C. The condenser temperature was
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Table 1
Scenario inputs (IEA, 2020b) and resulting energy prices and emission factors for the countries studied. Pellets = co-firing in coal power plants. Charcoal = pig iron
production.
Scenario inputs

Year 2025 2030 2040

Energy market scenario SD SP DR SD SP DR SD SP DR

Crude oil price [USD/barrel] All 57 71 59 56 76 63 53 85 72

Natural gas price [USD/Mbtu] SE, UK 5 7 6 5 8 7 5 8 8
BR 6 8 8 6 8 8 6 9 8

Steam coal price [USD/tonne] SE, UK 57 66 60 56 71 61 55 68 64
BR 73 83 76 71 83 75 67 79 73

CO2 emission charge [e/tonne] SE, UK 56 30 30 79 36 36 125 46 46
BR 43 0 0 70 0 0 125 0 0

Renewable electricity certificates
[e/MWh]

SE 5 5 5 5 5 5 0 0 0
UK 10 10 10 10 10 10 5 5 5
BR 0 0 0 0 0 0 0 0 0

Biofuel support [e/MWh] SE, UK 54 54 54 36 36 36 18 18 18
BR 0 0 0 0 0 0 0 0 0

Allow CCS for marginal electricity
production

All No No No No No No Yes Yes Yes

Allow nuclear power for marginal
electricity

SE, UK No No No Yes No No Yes Yes Yes
BR No No No No No No No No No

Allow wind power for marginal
electricity

SE, UK Yes No No Yes Yes Yes No Yes Yes
BR Yes No No Yes Yes Yes Yes Yes Yes

Biomass limited resource All No No No Yes No No Yes No No

Resulting scenarios

Build margin technology for
electricity generation

SE Wind Coal Coal Wind Wind Wind Nuclear Wind Wind
UK Wind Coal Coal Nuclear Wind Wind Nuclear Wind Wind
BR Wind NGCC NGCC Wind Wind Wind Wind Wind Wind

Price of electricity (excluding grid
costs and taxes) [e/MWhel]

SE 45 53 51 45 45 45 54 49 49
UK 39 53 51 54 39 39 54 44 44
BR 49 59 57 49 49 49 49 49 49

CO2 emissions from marginal
electricity production [kg CO2/MWh]

SE 0 856 856 0 0 0 0 0 0
UK 0 856 856 0 0 0 0 0 0
BR 0 394 394 0 0 0 0 0 0

Marginal (price-setting) user of wood
fuel

SE, UK Pellets Pellets Pellets Pellets Pellets Pellets Pellets Pellets Pellets
BR Charcoal Charcoal Charcoal Charcoal Charcoal Charcoal Charcoal Charcoal Charcoal

Price of low-grade wood fuel
[e/MWhfuel]

SE 18 10 9 26 12 11 40 13 13
UK 20 12 11 29 15 14 42 16 16
BR 39 21 20 51 21 20 75 20 19

CO2 reduction from marginal use of
biomass [kg CO2/MWhfuel]

SE, UK 47 21 21 405 47 47 405 47 47
BR 47 35 35 405 47 47 405 47 47
based on the average return temperature in DH networks in Swe-
den, which is 46 ◦C, according to Werner (2017). For simplicity,
the same temperatures for the ORC cycle are considered in the
other regions studied, except that in the IEH recovery cases, a
condenser cold-side supply temperature of 25 ◦C is considered.
A condenser exit subcooling of 2 ◦C and minimum temperature
difference of 5 ◦C in the heat exchangers were imposed. Low-
temperature boilers working at or below 120 ◦C are commonly
used for smaller industrial systems as the lower pressures in-
volved simplify operation (lower regulatory requirements) and
reduce investment costs. The refrigerant R245fa is considered
to be the working fluid in the thermodynamic performance cal-
culations, using the open-source ORC modelling tool ORCmKit,
developed by Dickes et al. (2016) and available for MATLAB.
This fluid is a common choice because it performs well at the
temperatures of interest (Yang et al., 2018). The calculated net
electrical efficiency for the ORC system running in conjunction
with the biomass boiler and rejecting heat at 60 ◦C is 6.2%.
he system powered by IEH with a condenser cold-side supply
emperature of 25 ◦C has a calculated net electrical efficiency of
.1%. A marginal electricity efficiency of 95% was considered.
Important aspects affecting profitability are the electricity net-

ork costs, taxes and fees for electricity. Table 2 shows the costs
7684
Table 2
Electrical network costs and taxes and fees used for the economic calculations.
Exchange rates used are 1 GBP = 1.127 EUR, 1 SEK = 0.104 EUR, 1 BRL = 0.235
EUR. The prices shown are for customers using 2000–19999 MWh annually for
the UK and Sweden and average industrial customers in the regulated market
for Brazil.
Costs Sweden United

Kingdom
Brazil

Network costs (EUR/MWh) 17.30a,b 27.20b,c 40.88d

Taxes and levies, excl. VAT (EUR/MWh) 3.90a,b 49.70c 32.74d

VAT (%) 25 20 18e

aSwedish Energy Agency (2019).
bEurostat (2019).
cGOV.UK (2020).
dEEP (2020).
eIn the state of São Paulo.

associated with transmission and distribution networks and the
taxes and levies for electricity in the countries studied.

For consistency with the energy market scenarios in ENPAC,
economic calculations were performed for the lifecycle costs
(LCC) of the ORC system. These involve investment, operation,
and maintenance costs. To account for the economic lifetime of
equipment and capital costs, the capital recovery factor (CRF,
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Fig. 3. Specific investment costs and total investment costs. Based on data from Quoilin et al. (2013), Johansson and Söderström (2014) and Bühler et al. (2018).
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Eq. (1)) was used to annualise the investment costs (I) over
the economic lifetime (NL) using the interest rate (i). Specific
investment costs were adapted from Bühler et al. (2018), Johans-
son and Söderström (2014) and Quoilin et al. (2013), using an
exponential function to fit the data for the range of equipment
sizes considered, which resulted in the costs shown in Fig. 3.
These specific investment costs were then used in the economic
calculations for equipment sizes between 50 kWel and 2000 kWel.
The ORC machine operation time was set at 7838 hours per year
(approximately 90% availability).

The net present value (NPV, Eq. (2)) of the investment over
the economic lifetime (NE) was then calculated by considering the
annual cash flows (CFn) for a discount rate (d), with the electricity,
heat and fuel costs and the certificates for renewable electricity
calculated according to the scenario results from ENPAC. In line
with similar studies, an operation and maintenance cost of 2% of
the investment costs was used, excluding fuel costs (Bühler et al.,
2018; Johansson and Söderström, 2014). The economic lifetime
considered was 20 years, with a discount rate of 5% for all cases,
in line with the recommendations of the European Commission
for the analysis of energy investment projects (European Com-
mission, 2014). The loan period considered was five years, with a
5% interest rate for Sweden and the UK and 10% for Brazil (BCB,
2020).

CRF =
i(1 + i)NL

(1 + i)NL − 1
(1)

NPV =

NL∑
n=1

(CRFn.I) +

NE∑
n=1

(CFn)
(1 + d)n

(2)

5. Results and analysis

5.1. Economic feasibility

The results are presented both with and without certificates
for renewable electricity, electricity taxes, and network costs to
show the impact of different economic policy instruments and
conditions.

The economic analysis shows that the installation of small-
scale electricity production with a lifetime of 20 years and the
previously stated electrical efficiencies could be profitable in all
countries studied, depending on the size of the equipment (see
Fig. 4). As shown in Fig. 4, the size of the ORC equipment has
7685
a significant impact on profitability, showing that economies of
scale are an essential aspect to consider. With the assumptions
made in the scenarios in ENPAC, considering the specific invest-
ment costs adopted and excluding certificates, taxes and grid
costs for electricity, the smallest ORC machine (50 kWel) shows
no profitability when working as a CHP plant, but are profitable in
all scenarios for the IEH recovery cases. Excluding the SD scenario
and BR cases, ORC machines of 100 kWel are profitable. However,
the ORC machines with larger power output, i.e., 500 kWel and
higher, could be interesting investments in combination with
small district heating systems in Sweden and the manufacturing
industry in the UK in the SP and DR scenarios even without
considering the benefits of certificates for renewable electricity
and avoided costs for taxes and grid costs. The case for the
agroindustry in Brazil (BR1) shows poorer profitability if biomass
has an associated cost and is not a profitable investment for all
equipment sizes in the SD scenario.

The increased fuel input in the SE1, UK1 and BR1 cases incurs
extra costs. This explains why installing an ORC for IEH recovery
is more profitable than in a biomass boiler. An additional reason
the BR1 case shows the lowest profitability is that biomass prices
are much higher in the energy-market scenarios, which means
the higher cost to produce electricity does not entirely offset
the electricity purchase prices. In general, the most profitable
alternative would be the installation of an ORC using excess heat
in Sweden.

Fig. 5 shows the results when country-specific economic poli-
cies (i.e., taxes and certificates for renewable electricity) and
electricity network costs are included in the analysis. For an
installed electricity capacity below 100 kWel, the electricity tax
and the network costs become avoided costs for the Swedish
case. Capacities above 100 kWel pay electricity tax, but with a
tax reduction to 0.5 EUR/MWh. For capacities above 1000 kWel,
t was assumed that 20% of the extra electricity generation is sold.
his share of the electricity pays network costs in addition to
lectricity tax. In the UK and Brazilian cases, all the electricity
s used in-house, and the companies therefore pay no electricity
axes or network costs. Sweden and the UK have certificates for
enewable electricity production, which contributes to increased
rofitability. When comparing Fig. 4 with Fig. 5, the profitability
s greatly influenced by including the avoided costs for electricity
axes and network costs and income from certificates in the
nalysis. For ORC units up to 100 kWel, the tax exemption and

avoided grid costs compensate for the higher specific investment
costs in all scenarios and all cases. For units larger than 100 kW ,
el



I. Cruz, M.T. Johansson and J. Wren Energy Reports 8 (2022) 7680–7690

r
s

t
m
B
g
c

i
r
c
t
a
s

5

O
t
s
s

a

Fig. 4. Economic analysis of the installation of ORCs of different sizes (electrical power output) in three countries, including CO2 emission charge, but excluding
certificates for renewable electricity, electricity taxes and network costs. The economic feasibility is shown as NPV per kW of electrical power installed. The economic
results are shown for three scenarios taken from (IEA, 2020b): Sustainable development (SD), Stated policies (SP) and Delayed recovery (DR).
Fig. 5. Economic analysis of the installation of ORCs of different sizes (electrical power output) in three countries, including CO2 emission charge, certificates for
enewable electricity, electricity taxes and network costs. The economic feasibility is shown as NPV per kW of electrical power installed. The economic results are
hown for three scenarios taken from IEA (2020b): Sustainable development (SD), Stated policies (SP) and Delayed recovery (DR).
he profitability is also increased, improving the economic perfor-
ance of ORC units in all scenarios. The high avoided costs in the
razilian and UK cases, due to higher taxes and network costs,
reatly increase profitability, even compensating for the lack of
ertificates for renewable electricity in the Brazilian cases.
To visualise the effects of taxes, certificates, and network costs

n more detail, Figs. 6 and 7 show the Swedish cases (SE1 and SE2,
espectively) with and without taxes, certificates, and network
osts in the same diagram. Considering the avoided costs, even
he smaller ORC units are profitable. In Fig. 7, it also becomes
pparent that the results are less sensitive to the different ENPAC
cenarios because no fuel costs exist for these cases.

.2. Global CO2 emissions

The evaluation of how small-scale electricity generation using
RC systems would affect global emissions of GHG shows that
he emissions would decrease in all countries and all scenarios
tudied (see Fig. 8), except for the SE1 and UK1 cases in the SD
cenario.
The results for emission reductions are the same for the SP

nd DR scenarios, where the Swedish and UK cases have equal
7686
values. In these scenarios, the Brazilian case would yield lower
reductions. The reason for this is that in the Swedish and UK
cases the electricity that is produced would replace electric-
ity production in coal-fired power plants up to the year 2025,
while for the same period in Brazil the electricity production re-
places power generation by NGCC, which is less carbon-intensive.
The effects on emissions due to ORC installation are less pro-
nounced in the SD scenario. This is explained by the fact that
the electricity produced by the ORC in Sweden, the UK and Brazil
replaces carbon-neutral electricity from wind or nuclear from
2030 onwards. In the SD scenario, biomass is considered a limited
resource from 2030 onwards. This implies that there is a CO2
emissions penalty associated with the increased demand and use
of woody biomass. This penalty equates to the emissions that
the marginal biomass user emits as a result of using fossil fuels
instead of biomass. In the Swedish and UK cases, the marginal
biomass user is a coal-fired power plant substituting part of its
fossil coal with woody biomass. In the Brazilian case, the marginal
user is a pig iron plant using charcoal instead of fossil coke in
the blast furnace. Since no extra biomass is used in the excess
heat utilisation cases, there is no CO2 emissions penalty, which
explains why these cases achieve more significant GHG emissions
reductions in the SD scenarios.
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Fig. 6. Economic analysis of the installation of ORCs of different sizes (electrical power output) for the SE1 case. The economic feasibility is shown as NPV per kW
of electric power installed for the scenarios with and without certificates for renewable electricity, taxes, and network fees in Sweden.
Fig. 7. Economic analysis of the installation of ORCs of different sizes (electrical power output) for the SE2 case. The economic feasibility is shown as NPV per kW
of electric power installed for the scenarios with and without certificates for renewable e electricity, taxes, and network fees in Sweden.
Fig. 8. Lifecycle emissions reductions of ORCs in Sweden, the UK and Brazil, assuming three future energy market scenarios. The scenarios are based on the
Sustainable development (SD) scenario, the Stated policy (SP) scenario, and the Delayed recovery (DR) scenario in World Energy Outlook 2020 (IEA, 2020b). The
emissions reductions are shown as tonne of CO2-eq per kW of electrical power installed.
6. Discussion

The cases chosen in this study aimed to reflect real conditions
in different energy-market contexts and the associated potentials
for ORC systems. Consequently, the ORC was assumed to be
7687
installed in three different systems: (1) a small district heating
system in Sweden, (2) the manufacturing industry in the UK, and
(3) the agroindustry in Brazil. Additionally, the use of industrial
excess heat in the same energy markets was considered. Hence,
the paper does not compare equal installations in the countries
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tudied, since the local conditions are different, but provides
ne set of cases that show a similar application (IEH recovery).
onsequently, these results apply to different circumstances and
ive knowledge on the context-dependent potential for increas-
ng electricity production using ORC technology. Additionally, a
ensitivity analysis was conducted by using three future energy
arket scenarios, and the results show that ORC installations
ould be profitable in all the scenarios studied. This implies
hat ORC systems are potentially a robust investment in all the
ountries and settings studied, which is a good indication that
he technology is sufficiently mature and flexible to different
perational conditions. Performing an economic analysis which
akes into account the equipment lifetime and different future
cenarios is important to understand any lock-in effect of the
nvestment in an ORC system.

It is especially advantageous to install an ORC system if there is
n excess heat source available and in contexts in which biomass
s not a limited resource, such as in two of the energy market
cenarios presented (SP and DR). The results also show that
t would be beneficial for industry to produce electricity from
he excess heat in its industrial processes. This is in line with
revious studies (Fierro et al., 2020; Gangar et al., 2020; Pan
t al., 2020; Pili et al., 2020), which have shown that electric-
ty production from industrial excess heat using ORC could be
conomically feasible. However, other studies have shown that
uch installations would not be profitable, mainly due to the low
fficiency value (Cavazzini and Dal Toso, 2015) and the costs
f cooling water and a refrigeration system (Gutiérrez-Arriaga
t al., 2015). The results show that a configuration where the
eat from the ORC condenser is used elsewhere (e.g., to heat
he return flow in a district heating system) positively affects
he economics. Previous research (Ofodu et al., 2019; Tańczuk
nd Ulbrich, 2013) also confirms that electricity production using
RC at a biomass-fired cogeneration plant for heat, cooling, and
lectricity could be profitable. However, the economics depend
o a large degree on the price of electricity (Fierro et al., 2021;
ańczuk and Ulbrich, 2013). In the results shown here, biomass
rices affect the profitability more than the different electricity
rices for the three energy-market scenarios, and the avoided
osts when self-producing electricity have the most significant
mpact on profitability. These results also consider a heat demand
or 7838 hours per year is present. Lowering the share of time
ith a heat demand would negatively affect the profitability of
he ORC systems. Individual plants could size the ORC systems to
aximise operational hours and supply heat demands with lower

imeshares with the current biomass boilers available in the cases
tudied.
Small-scale electricity production from biomass or industrial

xcess heat using an ORC would reduce global emissions of GHG
n all the cases studied, except if biomass is considered a limited
esource. The size of these reductions depends to a substantial
xtent on the electricity production that would be replaced and
hether wood fuel is a limited resource. These results are in line
ith previous studies, which have identified the same factors as
ey elements in how IEH deliveries to DH systems would affect
lobal GHG emissions (Pettersson et al., 2020) and how a fuel
witch in the iron and steel industry would impact global CO2
missions (Johansson, 2016).
Even though the manufacturing industry considered in this

tudy is in the UK, the ORC installations evaluated apply to any
ndustry in other countries with a demand for process heat or
ith excess heat available. Moreover, the UK district heating
ystem is developing (Euroheat & Power, 2019), and there is
otential for ORC installations in the UK heat network market in
he future.

The purpose of this study was not to just compare similar in-
tallations but to demonstrate a range of possible applications for
7688
small-scale electricity production in different contexts, focusing
on the opportunities presented by the regional energy markets
and policy instruments.

The results reveal the clear economic advantage of investing in
larger ORC systems. However, the smaller sizes are nevertheless
still profitable if the avoided costs (taxes, grid costs and certifi-
cates for renewable electricity) are considered. Hence, the results
highlight the importance of long-term policy measures such as
tax exemptions, subsidies, and certificates to make investments
in smaller ORC systems profitable. Previous research has also
highlighted this (Pili et al., 2020).

As only ORC systems are considered in this study, no com-
parison is made between the profitability and GHG emissions
reductions of ORC systems and alternative small-scale renewable
energy generation, e.g., solar power. Other renewable energy
generation can potentially be more advantageous as a capital
investment or to reduce GHG emissions. Still, ORC systems in
the applications considered in this study have advantages such
as controllability and increased resource efficiency. These advan-
tages are likely to gain importance as the share of intermittent
renewable electricity increases in the energy systems worldwide,
with increased price volatility and high variation in supply.

7. Conclusions

In this paper, the economic performance and GHG emissions
consequences of installing small-scale ORC systems in different
energy-market contexts were investigated. There is potential to
install ORC systems that are both economically viable and that
reduce global GHG emissions in varying energy-market condi-
tions. The size of the ORC system installed has a significant
effect on profitability, showing that economies of scale are still
a key factor, at least with the capital requirements considered in
this study. In an analysis that considers country-specific taxes,
regulations, renewable electricity incentives and grid costs, the
economic performance of ORC units is positively affected and
proved viable in all scenarios considered. The benefits of tax
exemptions, certificates and avoided electricity costs have the
highest impact on ORC units up to 100 kWel, and more than
compensate for the higher specific investment costs. This indi-
cates that policy instruments that favour small-scale renewable
electricity production still play an important role as an incentive
for their adoption.

Since the economics and effects on global GHG emissions
of ORC systems have been analysed in different geographical
settings and considering different future energy market scenarios,
it can be concluded that small-scale electricity production with
an ORC system could be an interesting investment in general,
given the conditions set in this study. The variety of conditions
considered offers a positive outlook for the increased adoption
of ORC technology, as most of the use cases analysed have both
economic and GHG reductions potentials.

Long-term policy measures can be necessary to stimulate in-
vestment in ORC systems, especially for smaller installed capaci-
ties. By investigating the conditions under which small-scale ORC
systems are economically and environmentally viable, this study
may help inform policymakers, manufacturers, and companies
in understanding the potentials of the technology and increase
the adoption of such systems. Future works could consider ORC
systems operating at other temperature levels, and thus with
different efficiencies, and analyse in more detail the effect of

operating times on economic and environmental performance.
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IVA-projektet vägval el (in Swedish: Sweden’s future electricity produc-
tion: An interim report from the IVA project Vägval el). IVA, Stockholm,
Sweden. https://www.iva.se/globalassets/info-trycksaker/vagval-el/vagvalel-
sveriges-framtida-elproduktion.pdf.

Cavazzini, G., Dal Toso, P., 2015. Techno-economic feasibility study of the
integration of a commercial small-scale ORC in a real case study. Energy
Convers. Manage. 99, 161–175. http://dx.doi.org/10.1016/j.enconman.2015.
04.043.

CCEE, 2021. CCEE - câmara de comercialização de energia elétrica (in Por-
tuguese). CCEE, Brazil. https://www.ccee.org.br/portal (Accessed: 20 May,
2019).

Dai, Y., Wang, J., Gao, L., 2009. Parametric optimization and comparative study
of organic rankine cycle (ORC) for low grade waste heat recovery. Energy
Convers. Manage. 50, 576–582. http://dx.doi.org/10.1016/j.enconman.2008.
10.018.

Dickes, R., Ziviani, D., de Paepe, M., van den Broek, M., Quoilin, S., Lemort, V.,
2016. Orcmkit: An open-source library for organic rankine cycle modelling
and analysis. In: ECOS 2016 - Proc. 29th Int. Conf. Effic. Cost, Optimisation,
Simul. Environ. Impact Energy Syst..
7689
Diemuodeke, O.E., Mulugetta, Y., Imran, M., 2021. Techno-economic and environ-
mental feasibility analysis of rice husks fired energy system for application
in a cluster of rice mills. Renew. Sustain. Energy Rev. 149, 111365. http:
//dx.doi.org/10.1016/J.RSER.2021.111365.

Dong, L., Liu, H., Riffat, S., 2009. Development of small-scale and micro-scale
biomass-fuelled CHP systems - A literature review. Appl. Therm. Eng. http:
//dx.doi.org/10.1016/j.applthermaleng.2008.12.004.

2020. Anuário Estatístico de Energia Elétrica 2020 (in Portuguese: Electricity
statistical annual report 2020). Empresa de Planejamento Energético, Brasília,
Brazil. https://www.epe.gov.br/.

Euroheat & Power, 2019. District energy in the United Kingdom. EHP, Brussels,
Belgium. Available at: https://www.euroheat.org/.

European Commission, 2014. Guide to Cost-Benefit Analysis of Invest-
ment Projects: Economic Appraisal Tool for Cohesion Policy 2014-2020.
Publications Office of the European Union, http://dx.doi.org/10.2776/97516.

European Commission, 2018. COM(2018) 773 final. A clean planet for all: A
European strategic long-term vision for a prosperous, modern, competitive
and climate neutral economy. The European Commission. https://eur-lex.
europa.eu/legal-content/EN/TXT/?uri=CELEX:52018DC0773.

Eurostat, 2019. Electricity prices components for non-household consumers -
annual data 2019. Eurostat, Luxembourg. https://appsso.eurostat.ec.europa.
eu/.

Ferla, G., Caputo, P., 2022. Biomass district heating system in Italy: A compre-
hensive model-based method for the assessment of energy, economic and
environmental performance. Energy 244, 123105. http://dx.doi.org/10.1016/
J.ENERGY.2022.123105.

Fierro, J.J., Escudero-Atehortua, A., Nieto-Londoño, C., Giraldo, M., Jouhara, H.,
Wrobel, L.C., 2020. Evaluation of waste heat recovery technologies for the
cement industry. Int. J. Thermofluids 7–8. http://dx.doi.org/10.1016/j.ijft.
2020.100040.

Fierro, J.J., Nieto-Londoño, C., Escudero-Atehortua, A., Giraldo, M., Jouhara, H.,
Wrobel, L.C., 2021. Techno-economic assessment of a rotary kiln shell
radiation waste heat recovery system. Therm. Sci. Eng. Prog. 23, http://dx.
doi.org/10.1016/j.tsep.2021.100858.

Forster-Carneiro, T., Berni, M.D., Dorileo, I.L., Rostagno, M.A., 2013. Biorefinery
study of availability of agriculture residues and wastes for integrated biore-
fineries in Brazil. Resour. Conserv. Recycl. 77, 78–88. http://dx.doi.org/10.
1016/j.resconrec.2013.05.007.

Gangar, N., Macchietto, S., Markides, C.N., 2020. Recovery and utilization of
low-grade waste heat in the oil-refining industry using heat engines and
heat pumps: An international technoeconomic comparison. Energies 13,
http://dx.doi.org/10.3390/en13102560.

Garg, P., Orosz, M.S., Kumar, P., 2016. Thermo-economic evaluation of ORCs for
various working fluids. Appl. Therm. Eng. 109, 841–853. http://dx.doi.org/10.
1016/j.applthermaleng.2016.06.083.

Goldschmidt, B., 2009. ORC Case Studies: Electricity Production in Biomass Fired
District Heating Plant or from Waste Heat in Pulp Mill. VÄRMEFORSK Service
AB, Stockholm, Sweden. https://energiforskmedia.blob.core.windows.net/
media/17976/orc-fallstudier-elproduktion-i-biobraensleeldat-vaermeverk-
vaermeforskrapport-1123.pdf.

Gomes, P.V., Saraiva, J.T., 2019. State-of-the-art of transmission expansion plan-
ning: A survey from restructuring to renewable and distributed electricity
markets. Int. J. Electr. Power Energy Syst. 111, 411–424. http://dx.doi.org/10.
1016/j.ijepes.2019.04.035.

GOV.UK, 2020. Quarterly Energy Prices 2020 - Annual Domestic Bills Estimates
Supplement. GOV.UK, UK. https://www.gov.uk/government/collections/
quarterly-energy-prices#2020.

Gutiérrez-Arriaga, C.G., Abdelhady, F., Bamufleh, H.S., Serna-González, M., El-
Halwagi, M.M., Ponce-Ortega, J.M., 2015. Industrial waste heat recovery and
cogeneration involving organic rankine cycles. Clean Technol. Environ. Policy
17, 767–779. http://dx.doi.org/10.1007/s10098-014-0833-5.

Hammond, G.P., Norman, J.B., 2014. Heat recovery opportunities in UK industry.
Appl. Energy 116, 387–397. http://dx.doi.org/10.1016/j.apenergy.2013.11.008.

Hennessy, J., Li, H., Wallin, F., Thorin, E., 2018. Towards smart thermal grids:
Techno-economic feasibility of commercial heat-to-power technologies for
district heating. Appl. Energy 228, 766–776. http://dx.doi.org/10.1016/J.
APENERGY.2018.06.105.

IEA, 2020a. Electricity [WWW document]. URL https://www.iea.org/fuels-and-
technologies/electricity.

IEA, 2020b. World energy outlook 2020.
Johansson, M.T., 2016. Effects on global CO2 emissions when substituting LPG

with bio-SNG as fuel in steel industry reheating furnaces—the impact of
different perspectives on CO2 assessment. Energy Effic. 9, 1437–1445. http:
//dx.doi.org/10.1007/s12053-016-9432-0.

Johansson, M.T., Söderström, M., 2014. Electricity generation from low-
temperature industrial excess heat—an opportunity for the steel industry.
Energy Effic. 7, 203–215. http://dx.doi.org/10.1007/s12053-013-9218-6.

Johnson, S.C., Rhodes, J.D., Webber, M.E., 2020. Understanding the impact of
non-synchronous wind and solar generation on grid stability and identifying
mitigation pathways. Appl. Energy 262, 114492. http://dx.doi.org/10.1016/j.
apenergy.2020.114492.

https://www.theade.co.uk/
https://www.statista.com/topics/5838/agriculture-in-brazil/
http://www2.aneel.gov.br/cedoc/ren2012482.pdf
https://www.aneel.gov.br/
https://www.aneel.gov.br/
https://www.aneel.gov.br/
https://publications.lib.chalmers.se/records/fulltext/98347.pdf
https://www3.bcb.gov.br/sgspub/consultarvalores/
https://www3.bcb.gov.br/sgspub/consultarvalores/
https://www3.bcb.gov.br/sgspub/consultarvalores/
http://dx.doi.org/10.1016/J.ENCONMAN.2021.114705
http://dx.doi.org/10.1016/j.enconman.2013.09.052
http://dx.doi.org/10.1016/j.enconman.2013.09.052
http://dx.doi.org/10.1016/j.enconman.2013.09.052
http://dx.doi.org/10.1016/j.rser.2014.04.078
http://dx.doi.org/10.1016/j.rser.2014.04.078
http://dx.doi.org/10.1016/j.rser.2014.04.078
http://dx.doi.org/10.3390/en11040762
https://www.iva.se/globalassets/info-trycksaker/vagval-el/vagvalel-sveriges-framtida-elproduktion.pdf
https://www.iva.se/globalassets/info-trycksaker/vagval-el/vagvalel-sveriges-framtida-elproduktion.pdf
https://www.iva.se/globalassets/info-trycksaker/vagval-el/vagvalel-sveriges-framtida-elproduktion.pdf
http://dx.doi.org/10.1016/j.enconman.2015.04.043
http://dx.doi.org/10.1016/j.enconman.2015.04.043
http://dx.doi.org/10.1016/j.enconman.2015.04.043
https://www.ccee.org.br/portal
http://dx.doi.org/10.1016/j.enconman.2008.10.018
http://dx.doi.org/10.1016/j.enconman.2008.10.018
http://dx.doi.org/10.1016/j.enconman.2008.10.018
http://refhub.elsevier.com/S2352-4847(22)01146-5/sb15
http://refhub.elsevier.com/S2352-4847(22)01146-5/sb15
http://refhub.elsevier.com/S2352-4847(22)01146-5/sb15
http://refhub.elsevier.com/S2352-4847(22)01146-5/sb15
http://refhub.elsevier.com/S2352-4847(22)01146-5/sb15
http://refhub.elsevier.com/S2352-4847(22)01146-5/sb15
http://refhub.elsevier.com/S2352-4847(22)01146-5/sb15
http://dx.doi.org/10.1016/J.RSER.2021.111365
http://dx.doi.org/10.1016/J.RSER.2021.111365
http://dx.doi.org/10.1016/J.RSER.2021.111365
http://dx.doi.org/10.1016/j.applthermaleng.2008.12.004
http://dx.doi.org/10.1016/j.applthermaleng.2008.12.004
http://dx.doi.org/10.1016/j.applthermaleng.2008.12.004
https://www.epe.gov.br/
https://www.euroheat.org/
http://dx.doi.org/10.2776/97516
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52018DC0773
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52018DC0773
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52018DC0773
https://appsso.eurostat.ec.europa.eu/
https://appsso.eurostat.ec.europa.eu/
https://appsso.eurostat.ec.europa.eu/
http://dx.doi.org/10.1016/J.ENERGY.2022.123105
http://dx.doi.org/10.1016/J.ENERGY.2022.123105
http://dx.doi.org/10.1016/J.ENERGY.2022.123105
http://dx.doi.org/10.1016/j.ijft.2020.100040
http://dx.doi.org/10.1016/j.ijft.2020.100040
http://dx.doi.org/10.1016/j.ijft.2020.100040
http://dx.doi.org/10.1016/j.tsep.2021.100858
http://dx.doi.org/10.1016/j.tsep.2021.100858
http://dx.doi.org/10.1016/j.tsep.2021.100858
http://dx.doi.org/10.1016/j.resconrec.2013.05.007
http://dx.doi.org/10.1016/j.resconrec.2013.05.007
http://dx.doi.org/10.1016/j.resconrec.2013.05.007
http://dx.doi.org/10.3390/en13102560
http://dx.doi.org/10.1016/j.applthermaleng.2016.06.083
http://dx.doi.org/10.1016/j.applthermaleng.2016.06.083
http://dx.doi.org/10.1016/j.applthermaleng.2016.06.083
https://energiforskmedia.blob.core.windows.net/media/17976/orc-fallstudier-elproduktion-i-biobraensleeldat-vaermeverk-vaermeforskrapport-1123.pdf
https://energiforskmedia.blob.core.windows.net/media/17976/orc-fallstudier-elproduktion-i-biobraensleeldat-vaermeverk-vaermeforskrapport-1123.pdf
https://energiforskmedia.blob.core.windows.net/media/17976/orc-fallstudier-elproduktion-i-biobraensleeldat-vaermeverk-vaermeforskrapport-1123.pdf
https://energiforskmedia.blob.core.windows.net/media/17976/orc-fallstudier-elproduktion-i-biobraensleeldat-vaermeverk-vaermeforskrapport-1123.pdf
https://energiforskmedia.blob.core.windows.net/media/17976/orc-fallstudier-elproduktion-i-biobraensleeldat-vaermeverk-vaermeforskrapport-1123.pdf
http://dx.doi.org/10.1016/j.ijepes.2019.04.035
http://dx.doi.org/10.1016/j.ijepes.2019.04.035
http://dx.doi.org/10.1016/j.ijepes.2019.04.035
https://www.gov.uk/government/collections/quarterly-energy-prices#2020
https://www.gov.uk/government/collections/quarterly-energy-prices#2020
https://www.gov.uk/government/collections/quarterly-energy-prices#2020
http://dx.doi.org/10.1007/s10098-014-0833-5
http://dx.doi.org/10.1016/j.apenergy.2013.11.008
http://dx.doi.org/10.1016/J.APENERGY.2018.06.105
http://dx.doi.org/10.1016/J.APENERGY.2018.06.105
http://dx.doi.org/10.1016/J.APENERGY.2018.06.105
https://www.iea.org/fuels-and-technologies/electricity
https://www.iea.org/fuels-and-technologies/electricity
https://www.iea.org/fuels-and-technologies/electricity
http://refhub.elsevier.com/S2352-4847(22)01146-5/sb36
http://dx.doi.org/10.1007/s12053-016-9432-0
http://dx.doi.org/10.1007/s12053-016-9432-0
http://dx.doi.org/10.1007/s12053-016-9432-0
http://dx.doi.org/10.1007/s12053-013-9218-6
http://dx.doi.org/10.1016/j.apenergy.2020.114492
http://dx.doi.org/10.1016/j.apenergy.2020.114492
http://dx.doi.org/10.1016/j.apenergy.2020.114492


I. Cruz, M.T. Johansson and J. Wren Energy Reports 8 (2022) 7680–7690

J

L

L

L

L

L

M

M

M

M

M

N

O

O

Ö

P

P

urasz, J., Canales, F.A., Kies, A., Guezgouz, M., Beluco, A., 2020. A review on the
complementarity of renewable energy sources: Concept, metrics, application
and future research directions. Sol. Energy 195, 703–724. http://dx.doi.org/
10.1016/J.SOLENER.2019.11.087.

andelle, A., Tauveron, N., Haberschill, P., Revellin, R., Colasson, S., 2017.
Performance evaluation and comparison of experimental organic rankine
cycle prototypes from published data. Energy Procedia 1706–1711. http:
//dx.doi.org/10.1016/j.egypro.2017.03.555.

aw, R., Harvey, A., Reay, D., 2013. Opportunities for low-grade heat recovery
in the UK food processing industry. Appl. Therm. Eng. 53, 188–196. http:
//dx.doi.org/10.1016/j.applthermaleng.2012.03.024.

eme, M.M.V., Venturini, O.J., Lora, E.E.S., Rocha, M.H., Luz, F.C., Almeida, W.D.,
de Moura, D.C., de Moura, L.F., 2018. Electricity generation from pyrolysis
gas produced in charcoal manufacture: Technical and economic analysis. J.
Clean. Prod. 194, 219–242. http://dx.doi.org/10.1016/j.jclepro.2018.05.101.

emmens, S., Lecompte, S., 2017. Case study of an organic rankine cycle applied
for excess heat recovery: Technical, economic and policy matters. Energy
Convers. Manage. 138, 670–685. http://dx.doi.org/10.1016/j.enconman.2017.
01.074.

uo, D., Mahmoud, A., Cogswell, F., 2015. Evaluation of low-GWP fluids for
power generation with organic rankine cycle. Energy 85, 481–488. http:
//dx.doi.org/10.1016/j.energy.2015.03.109.

acchi, E., Astolfi, M., Group, W.P., 2017. Organic Rankine Cycle (ORC) Power
Systems: Technologies and Applications. Amsterdam, The Netherlands.

anz, P., Kermeli, K., Persson, U., Neuwirth, M., Fleiter, T., Crijns-graus, W., 2021.
Decarbonizing district heating in EU-27 + UK: How much excess heat is
available from industrial sites? Sustainability 13, 1–31. http://dx.doi.org/10.
3390/su13031439.

ascuch, J., Novotny, V., Vodicka, V., Spale, J., Zeleny, Z., 2020. Experimental
development of a kilowatt-scale biomass fired micro – CHP unit based
on ORC with rotary vane expander. Renew. Energy 147, 2882–2895. http:
//dx.doi.org/10.1016/j.renene.2018.08.113.

iró, L., Brückner, S., Cabeza, L.F., 2015. Mapping and discussing industrial waste
heat (IWH) potentials for different countries. Renew. Sustain. Energy Rev. 51,
847–855. http://dx.doi.org/10.1016/j.rser.2015.06.035.

ME, 2007. Plano nacional de energia 2030 (In Portuguese: National Energy
Plan 2030). Ministério de Minas e Energia, Brasília, Brazil. https://www.epe.
gov.br/.

ur, T.B., Setiawan, A., Yudanto, B.G., Ependi, S., 2019. Techno-economic analysis
of organic rankine cycle fueled biomass waste from palm oil mill. In: AIP
Conference Proceedings. http://dx.doi.org/10.1063/1.5094984.

fgem, 2020. About the smart export guarantee (SEG). Ofgem, United King-
dom. https://www.ofgem.gov.uk/environmental-programmes/smart-export-
guarantee-seg/about-smart-export-guarantee-seg (Accessed 9 Aug 2020).

fodu, J.C., Ophori, O.A., Diemuodeke, E.O., 2019. Thermoeconomic analysis of
agro-wastes combined cooling, heating and power ORC plant for agrarian ru-
ral communities. Int. J. Ambient Energy http://dx.doi.org/10.1080/01430750.
2019.1587721.

hman, H., 2012. Implementation and evaluation of a low temperature waste
heat recovery power cycle using NH3 in an organic rankine cycle. Energy
48, 227–232. http://dx.doi.org/10.1016/j.energy.2012.02.074.

aiva, M.C.S., 2001. Financial analysis of vegetable charcoal and coke at a Minas
Gerais siderurgical plant from 1995 to 1999 (in Portuguese). Universidade
Federal de Viçosa, Brazil, https://www.locus.ufv.br/handle/123456789/11074.

an, Q., Zhao, R., Jiang, Q., Gosselin, L., 2020. Technological and economic
analyses on power generation from the waste heat in a modified aluminum
smeltingpot. Int. J. Energy Res. 44, 1735–1750. http://dx.doi.org/10.1002/er.
5009.
7690
Papapetrou, M., Kosmadakis, G., Cipollina, A., La Commare, U., Micale, G., 2018.
Industrial waste heat: Estimation of the technically available resource in the
EU per industrial sector, temperature level and country. Appl. Therm. Eng.
138, 207–216. http://dx.doi.org/10.1016/J.APPLTHERMALENG.2018.04.043.

Pettersson, K., Axelsson, E., Eriksson, L., Svensson, E., Berntsson, T., Harvey, S.,
2020. Holistic methodological framework for assessing the benefits of deliv-
ering industrial excess heat to a district heating network. Int. J. Energy Res.
44, 2634–2651. http://dx.doi.org/10.1002/er.5005.

Pili, R., García Martínez, L., Wieland, C., Spliethoff, H., 2020. Techno-economic
potential of waste heat recovery from german energy-intensive industry
with organic rankine cycle technology. Renew. Sustain. Energy Rev. 134,
http://dx.doi.org/10.1016/j.rser.2020.110324.

Pili, R., Romagnoli, A., Spliethoff, H., Wieland, C., 2017. Techno-economic analysis
of waste heat recovery with ORC from fluctuating industrial sources. Energy
Procedia 503–510. http://dx.doi.org/10.1016/j.egypro.2017.09.170.

Pina, E.A., Lozano, M.A., Serra, L.M., Hernández, A., Lázaro, A., 2021. Design and
thermoeconomic analysis of a solar parabolic trough – ORC – biomass cooling
plant for a commercial center. Sol. Energy 215, 92–107. http://dx.doi.org/10.
1016/J.SOLENER.2020.11.080.

Quoilin, S., Broek, M.V.D., Declaye, S., Dewallef, P., Lemort, V., 2013. Techno-
economic survey of organic rankine cycle (ORC) systems. Renew. Sustain.
Energy Rev. 22, 168–186. http://dx.doi.org/10.1016/j.rser.2013.01.028.

Swedish Energy Agency, 2019. Energy in Sweden - Facts and figures
2019. Swedish Energy Agency, Eskilstuna, Sweden. https://www.
energimyndigheten.se/.

Swedish Energy Agency, 2020a. Energy in Sweden 2020 - an Overview.
Eskilstuna, Sweden.

Swedish Energy Agency, 2020b. The Swedish-Norwegian electricity certificate
market - annual report 2019.

Swedish Finance Department, 2020. Fi2020/04673, Utökad befrielse frȧn en-
ergiskatt pȧegenproducerad el (in Swedish: Extended exemption from
energy tax on self-produced electricity).. Finansdepartementet, Stock-
holm, Sweden. https://www.regeringen.se/rattsliga-dokument/proposition/
2021/03/prop.-202021113/.

Tagliaferri, C., Evangelisti, S., Clift, R., Lettieri, P., 2018. Life cycle assessment of
a biomass CHP plant in UK: The heathrow energy centre case. Chem. Eng.
Res. Des. 133, 210–221. http://dx.doi.org/10.1016/J.CHERD.2018.03.022.

Tańczuk, M., Ulbrich, R., 2013. Implementation of a biomass-fired co-generation
plant supplied with an ORC (organic rankine cycle) as a heat source for small
scale heat distribution system - a comparative analysis under polish and
German conditions. Energy 62, 132–141. http://dx.doi.org/10.1016/j.energy.
2013.09.044.

van de Bor, D.M., Infante Ferreira, C.A., Kiss, A.A., 2015. Low grade waste
heat recovery using heat pumps and power cycles. Energy 89, 864–873.
http://dx.doi.org/10.1016/j.energy.2015.06.030.

Werner, S., 2017. International review of district heating and cooling. Energy
137, 617–631. http://dx.doi.org/10.1016/j.energy.2017.04.045.

Yang, J., Sun, Z., Yu, B., Chen, J., 2018. Experimental comparison and optimization
guidance of R1233zd(E) as a drop-in replacement to R245fa for organic
rankine cycle application. Appl. Therm. Eng. 141, 10–19. http://dx.doi.org/
10.1016/j.applthermaleng.2018.05.105.

Ziviani, D., Woodland, B.J., Georges, E., Groll, E.A., Braun, J.E., Horton, W.T., Van
Den Broek, M., De Paepe, M., 2016. Development and a validation of a
charge sensitive organic rankine cycle (ORC) simulation tool. Energies 9, 389.
http://dx.doi.org/10.3390/en9060389.

http://dx.doi.org/10.1016/J.SOLENER.2019.11.087
http://dx.doi.org/10.1016/J.SOLENER.2019.11.087
http://dx.doi.org/10.1016/J.SOLENER.2019.11.087
http://dx.doi.org/10.1016/j.egypro.2017.03.555
http://dx.doi.org/10.1016/j.egypro.2017.03.555
http://dx.doi.org/10.1016/j.egypro.2017.03.555
http://dx.doi.org/10.1016/j.applthermaleng.2012.03.024
http://dx.doi.org/10.1016/j.applthermaleng.2012.03.024
http://dx.doi.org/10.1016/j.applthermaleng.2012.03.024
http://dx.doi.org/10.1016/j.jclepro.2018.05.101
http://dx.doi.org/10.1016/j.enconman.2017.01.074
http://dx.doi.org/10.1016/j.enconman.2017.01.074
http://dx.doi.org/10.1016/j.enconman.2017.01.074
http://dx.doi.org/10.1016/j.energy.2015.03.109
http://dx.doi.org/10.1016/j.energy.2015.03.109
http://dx.doi.org/10.1016/j.energy.2015.03.109
http://refhub.elsevier.com/S2352-4847(22)01146-5/sb46
http://refhub.elsevier.com/S2352-4847(22)01146-5/sb46
http://refhub.elsevier.com/S2352-4847(22)01146-5/sb46
http://dx.doi.org/10.3390/su13031439
http://dx.doi.org/10.3390/su13031439
http://dx.doi.org/10.3390/su13031439
http://dx.doi.org/10.1016/j.renene.2018.08.113
http://dx.doi.org/10.1016/j.renene.2018.08.113
http://dx.doi.org/10.1016/j.renene.2018.08.113
http://dx.doi.org/10.1016/j.rser.2015.06.035
https://www.epe.gov.br/
https://www.epe.gov.br/
https://www.epe.gov.br/
http://dx.doi.org/10.1063/1.5094984
https://www.ofgem.gov.uk/environmental-programmes/smart-export-guarantee-seg/about-smart-export-guarantee-seg
https://www.ofgem.gov.uk/environmental-programmes/smart-export-guarantee-seg/about-smart-export-guarantee-seg
https://www.ofgem.gov.uk/environmental-programmes/smart-export-guarantee-seg/about-smart-export-guarantee-seg
http://dx.doi.org/10.1080/01430750.2019.1587721
http://dx.doi.org/10.1080/01430750.2019.1587721
http://dx.doi.org/10.1080/01430750.2019.1587721
http://dx.doi.org/10.1016/j.energy.2012.02.074
https://www.locus.ufv.br/handle/123456789/11074
http://dx.doi.org/10.1002/er.5009
http://dx.doi.org/10.1002/er.5009
http://dx.doi.org/10.1002/er.5009
http://dx.doi.org/10.1016/J.APPLTHERMALENG.2018.04.043
http://dx.doi.org/10.1002/er.5005
http://dx.doi.org/10.1016/j.rser.2020.110324
http://dx.doi.org/10.1016/j.egypro.2017.09.170
http://dx.doi.org/10.1016/J.SOLENER.2020.11.080
http://dx.doi.org/10.1016/J.SOLENER.2020.11.080
http://dx.doi.org/10.1016/J.SOLENER.2020.11.080
http://dx.doi.org/10.1016/j.rser.2013.01.028
https://www.energimyndigheten.se/
https://www.energimyndigheten.se/
https://www.energimyndigheten.se/
http://refhub.elsevier.com/S2352-4847(22)01146-5/sb64
http://refhub.elsevier.com/S2352-4847(22)01146-5/sb64
http://refhub.elsevier.com/S2352-4847(22)01146-5/sb64
http://refhub.elsevier.com/S2352-4847(22)01146-5/sb65
http://refhub.elsevier.com/S2352-4847(22)01146-5/sb65
http://refhub.elsevier.com/S2352-4847(22)01146-5/sb65
https://www.regeringen.se/rattsliga-dokument/proposition/2021/03/prop.-202021113/
https://www.regeringen.se/rattsliga-dokument/proposition/2021/03/prop.-202021113/
https://www.regeringen.se/rattsliga-dokument/proposition/2021/03/prop.-202021113/
http://dx.doi.org/10.1016/J.CHERD.2018.03.022
http://dx.doi.org/10.1016/j.energy.2013.09.044
http://dx.doi.org/10.1016/j.energy.2013.09.044
http://dx.doi.org/10.1016/j.energy.2013.09.044
http://dx.doi.org/10.1016/j.energy.2015.06.030
http://dx.doi.org/10.1016/j.energy.2017.04.045
http://dx.doi.org/10.1016/j.applthermaleng.2018.05.105
http://dx.doi.org/10.1016/j.applthermaleng.2018.05.105
http://dx.doi.org/10.1016/j.applthermaleng.2018.05.105
http://dx.doi.org/10.3390/en9060389

	Assessment of the potential for small-scale CHP production using Organic Rankine Cycle (ORC) systems in different geographical contexts: GHG emissions impact and economic feasibility
	Introduction
	Organic Rankine Cycle (ORC) systems
	Countries and system configurations studied
	Sweden
	The United Kingdom
	Brazil

	Methods and input data
	System boundaries
	Scenarios
	Technical and economic calculations

	Results and analysis
	Economic feasibility
	Global CO2 emissions

	Discussion
	Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


