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A B S T R A C T

This study explores the potential and impact of electricity cogeneration using Organic Rankine Cycle (ORC) in-
tegrated with small-scale biomass boilers within district heating systems. An analysis is conducted on a 3 MWth

biomass-fired district heating plant in southern Sweden. Process monitoring data, collected over a one-year period
from the plant, serves as the basis for simulation and analysis. The study examines operational changes and fuel
usage at a local level, together with an extension to a regional scale considering both short-term and long-term
energy system implications. The results show that integrating a 200 kWe ORC unit with the existing boiler having
a flue gas condenser is cost-optimal and could cogenerate approximately 1.1 GWh electricity annually, with a
levelized electricity cost of €64.4 per MWh. This is equivalent to a system power-to-heat ratio of 7.5%. From a
broader energy system perspective, this efficient integration could potentially reduce CO2 emissions by 234~454
tons per year when the saved energy locally is used to replace fossil fuels in the energy system, depending on how
biomass is utilized and what type of fossil fuels are replaced. Increasing installed capacity of ORC unit to
maximize electricity co-generation could result in a carbon abatement cost ranging from €204 to €79 per ton CO2.
This cost fluctuates depending on the installed capacity, operation of the ORC units, and prevailing electricity
prices. The study highlights the trade-off between financial gains and CO2 emission reductions, underscoring the
complex decision-making involved in energy system optimization.
1. Introduction

The contemporary world faces a dual challenge of meeting the esca-
lating energy demand while curbing greenhouse gas emissions. Recent
assessments of the global energy balance underscore the heavy reliance on
fossil fuels, constituting approximately 82% of the energy mix in 2021
(IEA, 2022). Alarmingly, projections indicate that fossil fuels will
continue to dominate, accounting for 60%~78% of total energy demand
by 2050 (IEA, 2018). This perpetuates an alarming trend where the ab-
solute quantity of fossil fuels consumed is set to increase at least until
2040, even under state policy scenarios (IEA, 2022). The imperative,
therefore, lies in the efficient utilization of energy resources to redress the
balance of fossil fuels and mitigate resultant greenhouse gas emissions.

Various studies and suggestions advocate for the integration of non-
fuel-based energy sources, including solar, wind and biomass, to sup-
plement energy use (Gayen et al., 2024; Nguyen et al., 2024). This
approach not only helps in reducing the dependency on fossil fuels but
also conserves renewable energy sources like biomass for other purposes
yen).
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within the energy system, thereby reducing the overall dependence on
fossil fuels and enhancing overall sustainability.

Amid these challenges, district heating (DH) systems emerge as a
resource-efficient solution offering great potentials for expansion and the
mobilization of locally available resources and waste heat (Lund et al.,
2014, 2018). Sweden, in particular, serves as a beacon in this arena, with
district heat production boasting an impressive 62% input energy
derived from biomass in 2020 (Swedish Energy Agency, 2022). Sweden’s
ambitious goals include achieving fossil-free DH by 2030 and becoming
climate-positive by 2045 (Fossil Free Sweden, 2020). Nevertheless, by
optimizing systems, the DH sector can enhance its cost-effectiveness and
energy efficiency, equipping itself to face forthcoming challenges. These
include a decline in building heat demand, increased competition from
renewable energy sources like forest biomass, and the emergence of local
heating alternatives such as electric heat pumps and wood pellet boilers
(Hansen et al., 2019). A cost- and energy-efficient district heat produc-
tion system is pivotal for retaining existing customers and enticing new
ones to expand the network.
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Nomenclature

CHP combined heat and power
DH district heating
FGC flue gas condenser
LCOE levelized cost of electricity
ORC organic Rankine cycle
O&M operation and maintenance

Table 1
Specifications of the considered boiler.

Parameters Value

Manufacturer Danstoker
Type VP 11.06.4200
Max. Heat output (kW) 3000
Designed operating pressure (bar) 6
Designed operating temperature (�C) 165
Year of manufacturing 2007
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Notably, the majority of DH systems in Sweden currently rely on small-
scale biomass boilers (Energimarknadsinspektionen, 2022). Additionally,
these boilers are designed to operate at low temperatures, minimizing
distribution losses and facilitating the co-production of other valuable
products at the supply side. Among the available options, efficient
co-production of electricity within the heat production facility assumes
paramount importance, especially considering the concurrent and future
dynamics of electricity demand and supply, as well as the broader trend
towards higher electrification rates across all sectors. In situations char-
acterized by reduced heat demand, such as in energy-efficient buildings,
the competitiveness of DH versus local heating options becomes pivotal.
The costs and efficiencies of district heat production and distribution
systems dictate the viability and attractiveness of DH solutions.

Various strategies are currently deployed to enhance the efficiency and
competitiveness of DH systems. For instance, the implementation of a flue
gas condenser (FGC) in wood chip boilers, which also mitigates particle
emissions, can boost boiler efficiency by 10%~15% (Cornette et al.,
2021), significantly reducing fuel consumption. Moreover, the installation
of combined heat and power (CHP) units can efficiently convert a portion
of the generated heat into electricity, offering superior added value.
However, small-scale DH systems face financial feasibility constraints
when adopting CHP units based on conventional steam turbines, largely
due to their variable heat demand characteristics (Truong and Gustavsson,
2014). The recent emergence of small-scale electricity generation turbines
utilizing the organic Rankine cycle (ORC) for low temperature heat
sources (Jim�enez-García et al., 2023; Pirouzfar et al., 2024) presents a
promising avenue for existing small-scale biomass district heat boilers.
ORC turbines excel in harnessing low-grade heat with high efficiency and
minimal maintenance requirements (Pethurajan et al., 2018), rendering
them suitable for boilers designed to operate at moderate temperatures.
Furthermore, the availability of ORC turbines in a range of sizes makes
them adaptable to existing small-scale boilers. Technical feasibility of such
installations in small-scale DH boiler has been proved by several in-
stallations (Wren et al., 2020). However, the optimal scale regarding
monetary-, resource- and environmental-costs and benefits were not
clearly indicated. In today’s context when biomass is a limited resource
and being directed to replace fossil fuels in the global energy system (Ali
et al., 2024), the change of biomass uses locally influence the system
energy balance globally. Under such circumstances, it is essential to
consider the implications of incorporating an ORC turbine into a biomass
boiler, particularly with regards to local operation and increased fuel
consumption, within the broader context of an energy-efficient system.

This study endeavors to explore the untapped potential and far-
reaching effects of electricity cogeneration through the integration of
ORC technology in small-scale biomass boilers for heat production within
existing DH systems. To accomplish this, an existing small-scale DH
system situated in the town of Kosta, south of Sweden, serves as a case
study. The determination of the ORC unit’s installed capacity hinges on
the minimization of the levelized cost of electricity (LCOE) produced by
system. A wide spectrum of installed capacities is simulated and analyzed
to assess their impact on electricity production costs, fuel consumption,
cost savings, and the potential for reducing CO2 emissions. Besides, this
research adopts an all-encompassing energy system perspective, consid-
ering forest biomass as a finite renewable resource. The study
2

acknowledges that the utilization of biomass in one sector resonates
throughout the broader energy system, affecting its availability for other
applications and necessitating the inclusion of other fossil fuel resources
to maintain equilibrium. A systems analysis approach is employed to
evaluate changes in terms of fuel consumption and CO2 emissions, ac-
counting for various substitution effects. Ultimately, this research aspires
to shed light on the integration of ORC technology into small-scale
biomass DH systems, offering a pathway towards heightened energy ef-
ficiency, reduced emissions, and sustainable DH solutions in the evolving
energy landscape.

2. Case description and methodology

2.1. Case study

A small-scale DH system serving the space- and hot water heating
demand in Kosta, a locality in Lessebo Municipality, southern Sweden is
used as a case study. This DH system comprises approximately 23 km of
distribution network and has delivered approximately 14.8 GWh in
2023. Currently, heat is produced primarily by a 3 MWth heat-only boiler
using wood chips. Table 1 shows the specifications of this boiler.

Full-year operating data for the Kosta DH system, covering the period
from March 1st, 2023 to February 29th, 2024, was collected from the
process monitoring and control system. This data is used for process ef-
ficiency estimation and ORC integration analysis. Key data for this study,
including ambient temperatures, boiler load, DH supply and return water
temperatures and flow rates, flue gas temperature and composition, as
well as detailed scrubber operation data, were recorded every 30 mi-
nutes. Fig. 1 shows the profile and characteristics of district heat being
delivered by this DH system during the studied period.

Recently, the boiler has been equipped with a centrifugal scrubber
working as an FGC, which is a promising solution to reduce particle
emissions meanwhile recovering heat from the flue gas (Johansson et al.,
2023). This concept is advantageous especially when coupled with
boilers firing wet wood chips in which the heat production efficiency
based on LHV can be increased up to 25% (Danish Energy Agency, 2024)
due to the high latent heat of water vapor. The recovered heat is used to
preheat the returning DH water, thereby reducing the need for direct
boiler heat production. This enhancement results in higher efficiency of
the whole system. Such an improvement can significantly transform plant
operations, reduce fuel consumption, and increase the potential for
electricity cogeneration. Despite these benefits, the adoption of FGCs
remains uncommon in small-scale biomass boilers (Coppieters and
Blondeau, 2019). Consequently, our analysis explores the electricity
cogeneration potentials for a small-scale boiler under both scenarios:
with and without the implementation of an FGC.
2.2. Electricity cogenerated option

Small-scale turbines based on ORC, designed for low-temperature
operations, are deemed suitable for integration with similar operational
small-scale DH boilers to facilitate power cogeneration. As depicted in
Fig. 2, the schematic illustrates how an ORC unit can be integrated with
an existing DH boiler. The boiler water supplies the necessary heat to the
ORC unit’s evaporator. Furthermore, the maximum operating
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Fig. 1. District heat production (a) and ambient-, supply- and return temperatures (b) in Kosta DH system during March 1st, 2023–February 29th, 2024 (Fredh, 2024).

Fig. 2. Schematic diagram of the considered ORC for the small-scale boiler in Kosta DH system.

Table 2
Reference financial aspects for the considered ORC units.

Reference
size (kWe)

Equipment
costs a (€/kWe)

Installation
costsb (k€/unit)

Fixed O&M
costsc (€/year)

120 2200 100 9100
450 1500 260 23400
1000 1200 460 41500

a Based on (Wren et al., 2020).
b Based on an actual cases in Sweden (Againity, 2021) with a similar scale

factor for equipment (Wren et al., 2020).
c Approximately 2.5% of equipment and installation costs, assumption based
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temperature of the boiler is a critical determinant for the selection,
design, and operation of the ORC unit. Additionally, the DH’s return line
imparts a cooling effect through heat exchange in the ORC unit’s
condenser.

The operational simulation and performance evaluation of an ORC
unit based hinge on the hourly heat demand data. Cyclopentane is
selected as the organic medium for the system due to its high conversion
efficiency with low-temperature heat sources and minimal impact on
global warming and ozone depletion (Mota-Babiloni et al., 2023; Abbas
et al., 2022).

The performance of the ORC unit is simulated using the method
described and used in (Oluleye et al., 2016; Wren et al., 2020) which
depends on the temperature constraints set by the existing boiler,
alongside the supply and return water temperatures within the DH
network, and the heat demand at each given moment. The maximum
temperature output from the existing boiler dictates the operating pres-
sure for the ORC’s working fluid. In contrast, the return temperature and
flow rate of the DH water define the operational capacity through energy
dissipation in the ORC’s condenser. The returned DH water is then
reheated to the required temperature by the main heat exchanger before
being circulated by the DH system.

The performance of the ORC unit is assumed to be in a steady-state
condition and is estimated based on Equation (1) (Oluleye et al., 2016):

ηelec: ¼
Wturb:�Wpump

Qevap:
¼ α:

�
1� Tcond:

Tevap:

�
þ β (1)
3

where: ηelec. ¼ efficiency of power production of the unit (kW),
Wturb. ¼ power capacity produced by the ORC turbine (kW),
Wpump ¼ power capacity used by the pump (kW), Qevap. ¼ heat capacity
used by the evaporator (kW), Tcond.¼ temperature of the working fluid at
the condenser (�Κ), Tevap. ¼ temperature of the working fluid at the
evaporator (�Κ), α and β are constants represents the non-ideal behavior
of the working fluid and the cycle’s component in efficiency. For the
considered working fluid, the constants α and β are -0.5979 and 0.7622
respectively (Oluleye et al., 2016).

The ORC unit’s installed capacity directly affects the investment costs
of the equipment, while the electricity cogeneration fluctuates with the
dynamic district heat demand. Financial variations are assessed accord-
ing to the equipment size using scale factors derived from the data of
reference scales (see Table 2).
on (IEA, 2021).
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2.3. System analysis

In small-scale DH systems, boils operate under varying loads due to
fluctuating heat demand, which often differs from the rated load. That
also means boilers are normally operated at lower conversion efficiencies
in comparison to their rated-load efficiency. As a critical input for the
ORC integration analysis, the process thermal efficiency needs to be
estimated over a full year, accounting for variations in boiler loads based
on customer demand. Due to the lack of detailed monitoring for biomass
fuel composition and continuous moisture measurement, approximations
were made for both, based on limited moisture tests and recommenda-
tions from on-site engineers. Biomass with an average moisture content
of 44 wt% (as received) was considered, with a dry ash-free composition
of 52 wt% C, 6 wt% H, and 42 wt% O. A simplified stoichiometric
equation for biomass combustion was then established based on this
composition (Equation (2)).

1⋅ ½CH1:4O0:6þr ⋅H2O�þ1:05⋅λ ⋅ ½O2þ3:76 ⋅N2�¼1⋅CO2þðrþ0:7ÞH2O

þ3:95⋅λ ⋅N2þ1:05 ⋅ðλ�1Þ ⋅O2

(2)

where r is the coefficient represents the moisture content in the repre-
sentative biomass formula [CH₁.₄O₀.₆ þ r H₂O]. When r ¼ 1, the biomass
moisture content is 44 wt% (as received).; λ is the stoichiometric ratio,
which can be directly estimated from the process-measured excess O₂
concentration in the final flue gas.

The integration of the ORC unit necessitates a higher operational load
on the boiler, which is also considered and calculated according to the
boiler’s actual performance. The performance of the boiler is assessed
based on the measured data locally. Besides, when an ORC unit is present,
the FGC contributes a certain amount of heat, resulting in a generally
higher overall boiler efficiency compared to systems without an FGC.

Operational constraints, such as variable heat demand and the market
value of generated electricity, limit the scale of installation and its actual
operation. Various installation capacities are assessed to identify the
optimal capacity based on the LCOE and the payback period.

In the financial analysis, the hourly electricity price fluctuations in the
regional Nord Pool electricity market are considered. The 2023 spot price
for zone SE4 in southern Sweden serves as a benchmark for our cost-
benefit analysis (refer to Fig. 3). A biomass price of €26.2 per MWh,
reflecting the 2023 wood chip price for heating plants (Swedish Energy
Agency, 2024) and an SEK/EUR exchange rate of 11.48 (SCB, 2024) are
used. The LCOE calculation for the investment over the project’s lifespan
includes a real discount rate of 4%, as recommended by the EU for energy
project financial rates (European Commission, 2015). Also, an assumed
annual growth rate of 2% for operations and maintenance (O&M) costs
and a fuel cost escalation rate of 2%, in line with the 20-year trend of the
real price of wood chips (Swedish Energy Agency, 2023), are used.

The implications and effects of integrating an ORC unit into a small-
scale heat-only boiler are evaluated from an overall energy system
Fig. 3. Spot electricity price in the south of Sweden (zone SE4) during 2023
(Energinet, 2024).
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perspective. Here, the marginal approach within a global energy market
considering the transition towards low-carbon an renewable energy
resource (Mehedi et al., 2021). The electricity generated in a small-scale
DH system contributes a specific amount to the local power network,
which slightly affects the balance of the regional power grid. This
approach is deemed suitable for installations that play a marginal role in
complex energy systems utilizing various energy conversion technologies
and resources (Olkkonen and Syri, 2016). The local installation of an
ORC unit generates a specific amount of electricity but requires an
additional biomass feedstock. A system perspective to evaluate the sub-
stitution effects of the locally produced electricity and the additional
biomass consumption (Cowie et al., 2021; Bacovsky et al., 2022; Arasto
et al., 2017) is applied. The Swedish power network’s interconnection
with the European grid (Holmberg and Tangerås, 2018) enables the
locally generated electricity to directly contribute to the European power
grid. Therefore, the marginal changes to this extensive system resulting
from the cogeneration implementation are considered. Of the differnet
stand-alone power production technologies, coal-based power and nat-
ural gas-based power are considered as the most cost-efficient technology
for the short term and long term, respectively (Lund et al., 2010).
Therefore, these marginal technologies are used to assess the local impact
of the cogenerated electricity.

In comparison to the scenario having optimal installed capacity for the
ORCunit, optionswith large installed capacity offer apossibility toenhance
the electricity cogeneration. This, however, may compromise financial
viability. In this context, the parameter of carbon abatement costs,
considering the increased electricity cogeneration and associated costs in
relating to the scenario with the cost-optimal capacity, is evaluated.

In summary, the analysis is carried out in different stages, including:
(i) evaluate the performance of the boiler under the varied changes of
operation capacity without and with an FGC. The profile of the boiler
performance is then used for the next stage when the ORC unit is inte-
grated; (ii) identify performance and calculate productions of the inte-
grated system having the ORC unit; and (iii) evaluate the system effects
of the integrated option. In this final stage, the system boundary is
expanded to include substitution effects of the electricity cogeneration
and the resource use.

2.4. Sensitivity analysis

The volatility of electricity prices suggests that, at times, the cost of
generating electricity from the ORC unit may exceed the market price,
rendering its operation financially unfeasible. Consequently, in addition
to cost-optimal operation, where the system runs only when the market
price surpasses its variable costs, a strategy to maximize electricity
cogeneration is also explored. While this strategy can increase the
amount of biomass-based electricity generated for a given installed ca-
pacity, it may diminish the financial returns on the investment. Thus, it is
worth assessing the carbon abatement costs of the entire energy system,
considering the trade-off between increased costs and reduced CO2
emissions.

Furthermore, the financial attractiveness of an investment is influ-
enced by energy prices. The year 2022 was notably tumultuous for the
European power system’s supply and demand dynamics (Brown and
Jones, 2024). During this period, wood chip prices were reached €19.6
per MWh, and the yearly average electricity price reached approximately
€152 per MWh for the zone SE4 (Swedish Energy Agency, 2024) with the
detailed fluctuations captured in Fig. 3. Our analysis incorporates these
conditions to illustrate the shift in financial interests relative to varying
electricity and biomass prices, using the same installed ORC capacity
compared to the reference scenario with 2023 data.

Additionally, the operational parameters of the ORC unit are affected
by the network’s supply and return temperature requirements for DH
water. Modern low-temperature DH systems, characterized by lower
supply and return temperatures, are regarded as a more efficient energy
solution (Lund et al., 2014; Connolly et al., 2014). Supply/return



Fig. 4. A full year assessed boiler efficiency as a function of operational loads of
the biomass boiler in the Kosta DH system.
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temperature of 65/30�C has been successfully demonstrated in several
existing DH systems (Brange et al., 2016; Gadd and Werner, 2014) and
are considered optimal with minor modification for existing DH network
without the need of boosting hot water temperature (Ommen et al.,
2016). Thereby, we even explore the cogeneration potentials for boilers
in cases when the DH network demands a supply temperature of 65�C
and a return temperature of 30�C.

3. Results

3.1. Boiler performance and effects of an FGC

There is correlation between the system thermal efficiency and the
operating capacity of the boiler, as showed in Fig. 4, based on a full-year
process monitoring data. With the installation of the FGC, the boiler ef-
ficiency based on the lower heating value of the fuel has been improved
by up to 20%. As a result, around 2.3 GWh heat has been recovered
during this study period. Taking into account a reduced efficiency of 80%
due to the lower operation loads of the boilers, the application of the FGC
could lead to a saving of approximately 1500 tons wet wood chips with a
moisture content of 45%. However, the operation of the FGC and heat
exchanger demands approximately 26 MWh of electricity during this
period.
3.2. Performance of the system

The integrating capacity of an ORC unit influences the electricity
cogeneration and additional biomass use, as shown in Fig. 5. The results
reveal that, for the same installed capacity of the ORC unit, a boiler
system with an FGC generates more electricity while consuming less
(a)

Fig. 5. (a) Electricity cogeneration and (b) additional biomass used
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biomass fuel compared to a boiler system without FGC. For instance,
consider an ORC unit with a full capacity of 250 kW. When integrated
with the boiler having an FGC, the system can cogenerate approximately
1281 MWh of electricity annually, with an additional biomass con-
sumption of 1424 MWh. In contrast, the same boiler operating without
an FGC would only cogenerate 1217 MWh of electricity but would
require nearly 10% more biomass, of approximately 1560 MWh.

In terms of LCOE and simplified payback period, Fig. 6 shows its
variation with the capacity of the ORC units. The optimal LCOE is
attained when an ORC unit with a capacity of 350~400 kW is integrated
into a boiler system without an FGC, or when an ORC unit of
250~300 kW is installed alongside a boiler system equipped with an
FGC. The minimum LCOE is approximately €70.9 per MWh for the boiler
without an FGC, and €63.9 per MWh for that with an FGC. Considering
fluctuating electricity prices in 2023, the shortest payback period—11.7
years for the boiler without an FGC and 10.6 years for that with an
FGC—is achieved with an ORC integration capacity of 200 kW (called as
cost-optimal capacity thereafter). The reduced LCOE and shorter payback
period for boilers with an FGC can be attributed to the FGC’s enhance-
ment of the system’s thermal efficiency, resulting in lower fuel con-
sumption per MWh of electricity generated.

The annual power-to-heat ratio of this system fluctuates between
2.2% and 6.7%, influenced by the capacity of the ORC unit installed. At
the cost-optimal installation capacity of 200 kW for the ORC unit, the
power-to-heat ratio is 7.5% for the boiler with an FGC, and 7.1% for that
without an FGC. However, the electricity production remains relatively
stable against heat demand changes, except during the peak winter
season, when the boiler operates at maximum capacity. Fig. 7 depicts the
seasonal fluctuations in electricity co-production at this economically
optimal capacity. Over the course of a year, the system equipped with an
FGC cogenerates about 7.2% more electricity compared to the system
without an FGC.
3.3. System perspective of the ORC installation

The fossil fuels consumption and the corresponding reduction of CO2
emissions vary with the capacity of the integrated ORC unit (Fig. 8). At
the cost-optimal installed capacity, approximately 745 and 930 MWh of
natural gas can be saved and consequently 185 and 232 tons of CO2
emissions can be reduced for the installations in the cases of boiler
without and with FGC, respectively. If coal is considered as marginal fuel
instead of natural gas, approximately double reduction of CO2 emission
can be achieved.

The figure also shows that the avoided fossil fuel use and the conse-
quences CO2 emission reduction for an installation in the boiler with an
FGC can be up to 27% more than that for the boiler without an FGC.
(b)

locally as a function of the installed capacity of the ORC unit.



(a) (b)

Fig. 6. (a) LCOE and (b) simple payback period of the investments in relation to the installing capacities of the ORC unit.

Fig. 7. (a) Daily and (b) monthly cogeneration of electricity by the ORC unit installed at the cost-optimal capacity of 200 kW.

(a) (b)

0

400

800

1 200

1 600

2 000

2 400

100 150 200 250 300 350 400 450 500

)rae
y/

h
W

M(

(kW)

 Boiler without an FGC  Boiler with an FGC

0

200

400

600

800

1 000

1 200

100 150 200 250 300 350 400 450 500

O
C

n
ot(

2
)rae

y/

(kW)

 Boiler without an FGC  Boiler with an FGC

Fig. 8. (a) Reduction of fossil fuels use and (b) CO2 emissions. The error bars represent the variations observed when coal-based electricity is assumed to be the
marginal energy source, as opposed to natural gas-based electricity.
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3.4. Implications of increased electricity production

Expanding the capacity of the ORC unit beyond the optimal 200 kW
leads to increased electricity production (as indicated in Fig. 5(a)) and a
corresponding reduction in CO2 emissions (as depicted in Fig. 8(b)).
However, this increase in capacity comes with associated costs. Fig. 9
presents the carbon abatement costs, which are calculated based on the
additional expenses and the incremental decrease in CO2 emissions
relative to the cost-optimal capacity, when the installed capacity goes
beyond the cost-optimal capacity.

When the marginal power system is based on a coal-based standalone
power plant, using a larger ORC unit of 500 kW can further reduce up to
6

306 tons of CO2 emissions at a cost of €93.3 per ton. For the boiler system
with an FGC, the corresponding values are up to 301 tons of CO2 emis-
sions at a cost of €78.9 per ton. However, when the power system is based
marginally on natural gas, the emission reduction will be 157 and 154
tons of CO2 for the systems without and with an FGC, respectively, at
costs of 183 and 154 €/ton.

3.5. Sensitivity analysis

Results of sensitivity analysis when considering the varied energy
price and the option of lowering supply temperature of the DH network
are presented in Fig. 10. For the same installation of a 200 kW ORC unit,



(a) (b)

Fig. 9. Carbon abatement costs versus additional reduction of CO2 emissions that are caused by the increased installed capacity of the ORC unit when (a) the saved
biomass replaces coal, and (b) the saved biomass replaces natural gas.

(a) (b)

Fig. 10. Payback time (a) and electricity cogeneration (b) analyzed for a 200 kW ORC unit integration under different scenarios considering different energy prices
and the option of low-temperature DH supply. The error bars show changes when the system maximizes its electricity cogeneration.
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the combination of lower fuel price and higher electricity price, as
observed in 2022, results in a significantly reduced payback period. This
economic shift enables the cogeneration of 17% and 19%more electricity
for boilers without and with an FGC, respectively, in comparison to the
reference year of 2023. Additionally, under the scenario with a lower
temperature for the supply and return of DH - approximately 6.4% and
7.8% more electricity can be cogenerated for boilers without and with an
FGC, respectively.

While the strategy ofmaximizing electricity cogeneration significantly
alters the amount of electricity produced, it also extends the payback
period across all options, as indicated by the error bars. For the designed
capacity, according to the reference scenario, the operation to maximize
electricity cogeneration extends the payback period to 18.1 and 13.7
years, but also result in a 50% and 41% increase in cogenerated electricity
for theboilerswithout andwithaFCG, respectively,whencompared to the
cost-optimal operation. However, only a minor change of payback period
is discovered for the scenario under the 2022 energy price conditions.

The temperature of the DH system influences the maximum elec-
tricity cogeneration achievable (Fig. 10). Lowering the temperature to
65/30C leads to an increase of 6.1%~7.1% in maximum electricity
cogenerated, relative to the system operating at the existing supply and
return temperature. It is worth noting that the application of low-tem-
perature DH network operating at a return water temperature of 30�C,
which can further enhance the use of recovered heat by the FGC,
compared to the current operating at 45–50�C. However, this potential
contribution to improving the process thermal efficiency has not been
considered in this work.
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The reduction in fossil fuel use and CO2 emissions across different
sensitivity cases are presented in Figs. 11 and 12. The cost-optimal
operation of the system, based on 2022 energy prices, achieves a
greater reduction in fossil fuel use and CO2 emissions—up to 22.3%
and 19.7%, respectively—compared to replacing natural gas-based and
coal-based electricity. Interestingly, this cost-optimal operation closely
aligns with the strategy of maximizing electricity cogeneration,
particularly for systems without an FGC. When considering low-tem-
perature DH, the cost-optimal operation increases by 3.9%~5.6%
compared to the reference scenario. Lower DH temperatures also boost
maximum electricity production by 6.1% and 7.1% relative to the
reference.

Across all cases, systems with an FGC demonstrate a higher potential
for reducing fossil fuel use (see Fig. 11) and, consequently, achieving
greater CO2 emission reduction (see Fig. 12) - up to 34%~37% compared
to systems without an FGC. This potential is further enhanced by 6.3%
when DH supply and return temperatures are reduced.

The carbon abatement costs of operations that maximize the elec-
tricity cogeneration are showed in Fig. 13. In all the considered scenario,
the increase of electricity cogeneration in the boiler equipped with an
FGC incurs significantly lower carbon abatement costs compared to that
without an FGC, with figures ranging from approximately 132~138
€/tonCO2 to 67.7~70.4 €/tonCO2 when considering natural gas-based and
coal-based electricity as the marginal source, respectively. Conversely,
for boilers lacking an FGC, the carbon abatement costs attributable to
increased electricity cogeneration are roughly 2.3 to 7.8 times greater
than those for boilers with an FGC.



(a) (b)

Fig. 12. Reduction of CO2 emission analyzed for a 200 kW ORC unit integration under different energy prices and the low-temperature DH option when natural gas-
based electricity is a reference (a), and coal-based electricity is a reference (b). The error bars show changes when the system is operated to maximize its electricity
cogeneration.

Fig. 13. Carbon abatement costs of operation options that maximize the
quantity of electricity cogeneration. The error bars show changes when the
saved biomass replaced coal instead of natural gas for power production.

(a) (b)

Fig. 11. Reduction of fossil fuels analyzed for a 200 kW ORC unit integration under different energy prices and the low-temperature DH option when natural gas-
based electricity is a reference (a), and coal-based electricity is a reference (b). The error bars show changes when the system is operated to maximize its electricity
cogeneration.
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4. Discussion and conclusions

This study explores the potential of integrating technology into a
regional energy system, focusing on operational changes and fuel usage.
Specifically, it examines the installation of ORC unit in DH boilers. The
study follows a system expansion approach, addressing the regional en-
ergy system using the marginal approach, aiming for a transition towards
8

low-carbon and renewable energy resources. Notably, small-scale tur-
bines utilizing ORC technology can offer an efficient method for gener-
ating electricity from small-scale low-temperature boilers such as that in
the existing DH systems. When addressing specific DH demands, incor-
porating an ORC into biomass boiler equipped with an FGC do not in-
fluence the optimal ORC unit’s installed capacity. In contrast, an ORC
system paired with a boiler having an FGC not only cogenerates more
electricity but also consumes less biomass, thanks to its superior effi-
ciency. This results in a lower LCOE and a reduced payback period for
ORC installations.

The analysis of a 3 MWth biomass-fired DH plant equipped with a FGC
indicates that integrating a 200 kWe ORC unit could cogenerate
approximately 1.1 GWh of electricity annually, with a levelized elec-
tricity cost of €64.4 per MWh. This integration transforms the existing
heat-only boilers into a cogeneration plant, achieving a system power-to-
heat ratio of 7.5% in a cost-optimal mode. Additionally, the system can
be flexibly operated to increase electricity production by up to 44%,
resulting in a system power-to-heat ratio of approximately 11%.

From a broader energy system perspective, the integration of ORC
units results in a significant reduction in fossil fuel consumption and CO2
emissions. At the cost-optimal ORC capacity of 200 kWe, the 3 MWth
biomass boiler system with an FGC could achieve up to 27% more
reduction in fuel use and CO2 emissions compared to the system without
an FGC. Specifically, if natural gas is considered the marginal fuel, sav-
ings of 745 MWh, corresponding to 185 tons of CO2, could be achieved.
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For boiler systemwith an FGC, these values are 930MWh and 232 tons of
CO2, respectively. If coal is considered the marginal fuel, reductions in
CO2 emissions are nearly double, highlighting the substantial environ-
mental benefits of these integrations.

The study shows the dynamics of installation and operation according
to the context of heat demands and the energy price. A larger installed
capacity of the ORC unit could help to improve the boiler performance
and cogenerate more electricity but may not be cost-optimal. The find-
ings indicate a balance between installed capacity, GHG emission
reduction, and production costs in the current context. Local boiler op-
erators may prioritize a short payback period which heavily influenced
by fuel costs and the sale price of the generated electricity. However,
from a regional standpoint, larger capacities and increased co-generation
align with global GHG emission mitigation efforts. Considering carbon
abatement costs, the strategy to oversize installations and expand oper-
ations maximizes the effectiveness of renewable forest biomass re-
sources. In every scenario, systems with an FGC exhibit a greater
potential to reduce fossil fuel dependency and CO2 emissions compared
to those without an FGC—a potential that can be further amplified by
lowering DH supply and return temperatures. This is due to the fact that
an FGC can deliver more heat to the return line of DH when a low-tem-
perature DH network is availlable. However, this aspect has not been
fully explored in the current study and warrants further investigation as
an independent research topic. Converting an entire DH network to a
low-temperature system may be challenging due to the significant
upfront investment required. A more feasible approach could involve
lowering the DH supply temperature in specific sub-networks. This
strategy would allow for better insights through process simulation and
pilot studies, aiding future decision-making. The analysis suggests that
diversifying options could significantly enhance the overall efficiency of
DH systems with biomass boilers. Nevertheless, there are other options
that also help to save biomass from DH systems locally and reduce GHG
emissions globally, such as solar heat production (Nguyen et al., 2024).
These could eventually impact the global energy system with varying
carbon abatement costs. Additionally, the avoided biomass may be left on
the forest floor to decay naturally, potentially altering the GHG emission
profile. These areas merit further investigation.

This study examines the effects of electricity cogeneration through
ORC integration in small-scale biomass boilers, focusing on primary en-
ergy use and CO2 emission reduction benefits from a system perspective.
The broader system effects are influenced by the detailed performance
and accuracy of the specific processes and equipment involved in the
entire energy system chain. Since the wide perspective is covered, spe-
cific verification of each process condition is not the focus at this stage.
For the boiler system, a reliable method for validating performance is to
make comparison with certified boiler assessment reports, conducted
according to standards such as SS-EN ISO/IEC 17025:2018. A recent
assessment of the studied boiler showed a boiler efficiency of 87.3% at
2.3MWth without an FGC (Milj€onteknik AB, 2024), which falls within the
range assessed by this study (Fig. 4).

A sensitivity analysis, accounting for varying energy prices and
reduced DH temperatures, shows that favorable market conditions can
markedly shorten the payback period and boost electricity co-generation.
For example, under 2022 energy prices, the payback period decreases
significantly, with electricity production rising by 17% and 19% for sys-
tems without and with an FGC, respectively. Besides, reducing the DH
supply temperature to 65/30�C enhances electricity co-generation, indi-
cating potential for further efficiency improvements. The strategy of
achieving lower DH temperatures (Guelpa et al., 2023) could further in-
fluence the performance of the integration and represents an area for
further analysis.

The key findings highlight significant improvements in thermal effi-
ciency, electricity production, and environmental benefits achieved
through these improvements and integrations. The integration of ORC
units together with FGC in DH biomass boilers significantly enhances
system efficiency, electricity production, and environmental benefits.
9

Obviously, performance of the local energy systems and effectiveness of
the reference regional energy systems, which vary according to the
context and perspective (Danish Energy Agency, 2024), could influence
the effects of such an integration and therefore could be an area for
further investigation.

The study provides compelling evidence that these technologies not
only improve the operational performance of biomass boilers locally but
also contribute substantially to reducing fossil fuel consumption and CO2
emissions globally. Optimal system design and capacity planning are
crucial to maximizing these benefits while minimizing costs, thereby
promoting a sustainable and efficient energy system. However, the cur-
rent analysis and conclusions are constrained by the study’s defined
boundaries, selected parameters, and their specific variations. Future
decision-making should be informed by new assessments incorporating
updated, dynamic data, while applying the proposed methodology to
ensure relevance and accuracy.
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