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This study investigates primary energy use and CO, emission reduction potential resulting from the
integration of solar thermal heating in biomass-based district heating systems in high-latitude regions. A
newly commissioned solar thermal system based on parabolic trough collectors for an existing district
heating network in Harndsand, Sweden, is used as a case study, and its hourly one-year measured data
are used as inputs for the analysis. The changes in operation and fuel use for local district heat

production are extended to a regional context, considering the short- and long-term perspectives of the

energy system. The results show that during the studied period, the solar water heating system provided
335 MWh of heat to the existing district heating system with a supply/return temperature of
approximately 80/45 °C. Consequently, 339-382 MWh of biomass fuel consumption could be reduced
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annually with such an installation, depending on the district heat production technologies being

substituted. An annual CO, reduction of 65.3-189 tons can be achieved in an overall energy system
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1. Introduction

The global energy system is currently based heavily on fossil
fuels, and different renewable energy resources are mobilized to
reduce this dependence and mitigate climate change. In the
European Union (EU), the call for a climate-neutral Europe with
the target of net-zero greenhouse gas (GHG) emissions by 2050 *
has brought to the forefront the need to be self-sufficient in
meeting its final energy demand using locally available energy
resources. The current fuel mix of up to 77% from fossil fuels of
coal, oil and natural gas in 2021 > shows the importance of fast-
tracking the mobilization of all locally available resources to
achieve the climate target.

Heating accounts for almost half of the global final energy
consumption in 2021. Approximately 46% of heat is used in
buildings for space and water heating.* Despite the significant
decline in CO, intensity per unit area of heated residential
buildings, in total values, CO, emissions reached a new record
of 2500 Mt CO, in 2020.

Solar thermal energy, which is an abundant renewable
resource, is deployed as supplementary for conventional fuel-
based heat supply for buildings. By the end of 2022, 325 large-
scale solar water heating (SWH) plants with a total installed
capacity and aperture area of 1795 MW, and 2.56 million m?,
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perspective when the saved biomass substitutes fossil fuels. The reduction of CO, emission depends on
the fuels being substituted and energy conversion technology.

respectively, were used for heat production globally.* However,
this option contributes to only 14% of the global heating
demand in buildings.® A disadvantage of solar thermal energy is
the mismatch between its production potential and the heat
demand. This mismatch becomes even more significant in
higher-latitude regions, and therefore, solar thermal heating in
buildings is less common in colder climates.

In cold weather climates, such as that in the Nordic coun-
tries, district heating (DH) is commonly used to provide heat to
buildings. The widely available DH network offers the flexibility
to integrate various energy conversion technologies,® including
fuel switching.” According to Paardekooper et al,® future
production and storage units for DH systems should be more
versatile to integrate low-carbon technologies and enable flexi-
bility in using different energy sources. Szarka et al.® further
showed that the role of bio-based energy use in a low-emission
energy sector would shift from being an efficient source for
base-load generation towards being an effective “stabilizer” for
weather-dependent renewable energy such as direct heating
from surplus wind and solar photovoltaic power, as well as
solar-thermal and heat pumps in DH systems. Moreover, the
incorporation of solar energy into DH has been identified as
a measure for decarbonizing the heating sector by 2050, and for
enabling the exploitation of variable renewable energy sour-
ces.’ An analysis considering different configurations of DH
systems by Buoro et al.'* showed that an integrated solution of
cogeneration, solar thermal and heat storage supply system

This journal is © The Royal Society of Chemistry 2024
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turns out to be the best from both the economic and environ-
mental points of view.

In Sweden, DH plays a crucial role in meeting the heat
demands for both space and hot water in buildings, accounting
for nearly 60% of the total heat demand in 2021."” The DH
production primarily relies on biomass, constituting approxi-
mately 66% of its energy resources in 2022.*> The use of solar
thermal for DH production could contribute to the energy policy
goals on security of heat supply. It can reduce the quantity of
fuels being used for district heat production and contribute to
the optimal use of biomass globally when the demand for
biomass in other sectors increases. Solar thermal can also
increase the diversification of the base-load heat production
technologies, in the form of solar heat and in combination with
energy storage, making the DH sector more resilient to
increased fuel prices and energy security concerns.

The solar thermal potential in Sweden could exceed 6 TWh,
with favourable conditions such as higher biofuel price and
reduction of investment cost for solar thermal plants.”®* This
suggests a significant potential of solar thermal in the Swedish
energy mix from the currently installed large-scale collector area
of approximately 26 000 m?, equivalent to approximately 18
MW." According to IEA SHC," 25 systems above 500 m? were in
operation in 2020. On the other hand, in Denmark, the total
solar thermal energy in DH systems was reported to be above 1
GW or approximately 1.9 million m? aperture area,* and the
deployment over the last decade suggests potential for solar
thermal, given the right conditions.

Various types of solar thermal collectors are used for heat
production, of which evacuated tube collectors are dominant
globally.* However, in Europe, flat plate collectors (FPC) are
commonly used for large-scale solar thermal plants.* An anal-
ysis by Noussan et al.'® for eight locations having latitudes
between 54.4°-57.3° N suggests that heat yields from plants
based on FTC can be higher than 400 kWh m~>. A simulation
study in Alberta, Canada (55° N latitude) suggests that rooftop
FPC of approximately 2300 m?, in combination with seasonal
storage in a DH network, could meet 90% of the space heating
demand of a small neighborhood of 52 detached houses."”
Studies that investigate the integration of solar thermal into DH
systems, along with seasonal storage, suggest that solar energy
can cover 50% to 80% of the total heat demand.'®° However,
these studies are based on simulations. As per the authors'
knowledge, there is no published work based on measured data
on solar heat integration with full-scale biomass-based DH
networks at high latitudes. Further, the studies on the integra-
tion of solar thermal to DH systems are mostly based on FPC
collectors. In addition, there is a lack of studies on SWH in DH
systems that focus on the energy system perspective to reflect
the overall impacts of primary energy use and CO, emissions.

Among the different collector types, parabolic trough
collectors (PTC) can provide heat directly for applications
demanding high temperatures.”* This collector type is consid-
ered to be more effective than FPC once the mean collector
temperatures need to be above 60-75 °C.”> An application of
state-of-the-art PTCs together with FPCs for district heat
production has been demonstrated in Taars, Denmark,*
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showing the possibility of using such collectors to provide heat
directly to the DH systems.** For the Swedish context, when DH
networks have medium- to high-temperature levels with an
annual average supply temperature of 86 °C,* using PTCs to
provide heat directly to their supply line could be an option to
reduce fuel use.

The replacement of heat from biomass-based boilers with
solar thermal could also help reduce CO, emissions. The use of
solar energy as an external heat source has been recognized as
a highly attractive method for increasing the share of renewable
energy. Nevertheless, biomass, which has also been classified as
a sustainable resource,*® can be used as a direct substitute for
fossil fuels.”” Therefore, the biomass conserved through the use
of solar thermal energy can be used to substitute fossil fuels in
various applications, thereby decreasing the overall consump-
tion and emissions of fossil fuels. However, current research
predominantly focus on the direct impacts of solar heat and
biomass for the decarbonization of district heating systems,
such as Yuan et al.*® and Gobio-Thomas et al.,* or effects of
solar thermal installations as compared to biomass- and fossil-
based systems, such as Miki et al'® The broader system
perspective, particularly the substitution effects of saved
biomass, has not been the primary focus of such studies.

In this study, the effects of integrating solar thermal heating
with medium-temperature district heat production in high-
latitude regions are investigated. The study is based on
a SWH demonstration plant using PTCs, commissioned in
autumn 2021, located in the city of Hirnosand, Sweden
(62.6° N, 17.94° E). Measured hourly data for one year of solar
thermal yield from the SWH plant and operation of the local DH
system is used to analyze the effects of the SWH on the DH
system. A system analysis that includes the overall perspective
of the European energy system is used to calculate the impacts
of primary energy use and CO, emissions from the installation.
The saved combustible fuels at the local DH system are
accounted as a contribution to the European energy system.
Here, both the short- and the medium-term perspectives of
energy resource use are studied.

2. Study descriptions and
methodology

This study evaluates changes in energy resource use and the CO,
emission reduction potentials due to the integration of solar
thermal in DH systems using biomass-based state-of-the-art
technologies for district heat and electricity production. The
analysis is based on the lower heating value (LHV) of fuels. We
include a full fuel life cycle of each specific fuel type from natural
resource to final energy carrier for the Swedish energy market.*°

The analysis is based on hourly measured data of the oper-
ation of different heat production units in the DH system in
Hiarnosand and hourly measured heat production data from the
SWH plant during July 15 2022-June 30 2023. The location of
the central DH plant and the SWH plants is illustrated in Fig. 1.

The SWH plant includes 192 PTCs with a total aperture area
of 1056 m* arranged in eight groups connected in parallel.

Sustainable Energy Fuels, 2024, 8, 3964-3975 | 3965
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District heating plant

Fig. 1 Location of Harndsand in Sweden and the sites of the DH and SWH plants in Harnésand. Aerial view from Google Maps.3*

Each group has 24 collectors connected in series, as illustrated
in Fig. 2. Specific arrangements are, in general, a trade-off
between the desired temperature rise from each parallel
series, pressure drop and flow in the system. The solar
collectors, aligned with the north-south tracking axis, use
propylene glycol and water mixture as heat transfer fluid for
the primary pressurized circulation loop. The control system
monitors various parameters, including the fluid's tempera-
ture and the radiation intensity, to maintain a single-phase
flow of the working fluid. By adjusting the circulation pump
and valves, the system ensures optimal output temperature
and maximizes the plant's efficiency. The plant has been in
operation since autumn 2021, and there are plans to increase
the aperture area to 2000 m>. Table 1 lists the major technical
characteristics of the installed collectors. These parameters are
based on the Solar Keymark Certificate of the collector
model.*> The SHW plant connects to the return pipe of the
existing DH network, and the temperature from the SWH plant
is maintained at a minimum level of 73 °C and forwarded
directly to DH users via the supply pipe of the existing DH
system. The heat delivered to the DH network was measured
and used for the analysis.

2.1. District heat supply system

The DH system in Hirndsand comprises a 257 km distribution
network providing heating for 12000 people. The outdoor
temperature varies from below —20 °C to over 30 °C (see Fig. 3a)
in this location. The operation of the DH plant depends strongly
on this outdoor temperature as it affects the demand for space
heating. The DH system supplied 162 GWh of heat at a peak
capacity of 63.9 MW during the study period.

Two scenarios of solar thermal integration with the DH
production system are included in this study. The first scenario
is based on the configurations of the existing district heat

3966 | Sustainable Energy Fuels, 2024, 8, 3964-3975

production units in Harnosand. This system includes a 30
MW, CHP plant using wood chips, oil boilers, and industrial
waste heat (Fig. 3b). The CHP plant, together with its associated
flue gas condenser (FGC), produced approximately 75% of the
total heat supply and 26.7 GWh of electricity during the studied
period. During summers, when the heat production is the
lowest, the CHP plant is usually not in operation. The heat
production during this period is mainly from biomass boilers.
This is also the period in which solar radiation is at its peak. In
the second scenario, district heat production is based on heat-
only boilers, which are the majority of the DH systems in Swe-
den.*® In this scenario, the SWH affects only the heat production
from heat-only boilers and the electricity used to operate the
boilers.

2.2. System integration and interaction

The marginal approach in a global market®® is used to calculate
the changes in fuel consumption and CO, emissions due to the
integration of SWH to the district heat production in the city of
Hérnosand. Such an approach is considered to be suitable for
new installations that contribute marginally to complex energy
systems with different energy conversion technologies.?” In this
approach, we assume that the heat produced in the SWH at any
given hour during the measurement period replaces heat in the
peak production technology in the DH plant at that specific
hour (Fig. 3b). The changed energy resources are considered in
the global context, in which energy systems still depend heavily
on fossil fuels, and biomass is a limited resource with economic
value that can be traded in the global energy market. Therefore,
the saved biomass in the DH system, if any, could replace fossil
fuels in other energy conversion facilities. Consequently,
a change in biomass use in Sweden could influence the
consumption of fossil fuels for energy purposes outside Swe-
den, at least in the short- and medium-term.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Sketch of the PTC, and the schematic of the SWH plant connected to the DH network.

The regional power grid is connected to the Nordic power
system, which in turn, is connected to the EU power grid.
Accordingly, any changes in the operation of the local SWH
plant are assumed to have marginal effects on the EU's overall
electricity production market. Here, we assume that production
in marginal technologies will offset these marginal changes in
the electricity production market. Currently, in the European

This journal is © The Royal Society of Chemistry 2024

energy market, coal- and natural gas-based power production
are considered as the short- and long-term marginal technolo-
gies, respectively, due to their marginal costs,” ie., these
technologies are assumed to regulate their production accord-
ing to marginal changes in the energy systems. The analysis in
this study includes these marginal effects on a European energy
system level. Thus, the system boundary in this analysis is

Sustainable Energy Fuels, 2024, 8, 3964-3975 | 3967
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Table 1 Specification of the installed PTCs with respect to aperture area*?

Parameters Value
Manufacturer Absolicon, Sweden
Type T160, glass-covered with one-axis tracking

Collector aperture area (4,p)

Peak collector efficiency based on beam irradiance (7o,5)
Incidence angle modifier for diffuse solar radiation (Ky)

Heat loss coefficient (a,)

Temperature dependence of the heat loss coefficient (a,)
Effective thermal capacity incl. fluid (C/AG) (as)
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Fig. 3 Data of the weather conditions in Harnésand and DH production profile during July 15 2022—-June 30" 2023 3334

expanded to include marginal production technologies of both
heat and electricity. The analysis is carried out in three stages,
as illustrated in Fig. 4, and the performance of the technologies
for heat and electricity production is presented in Table 2.

Stage i: this stage evaluates the biomass saved in the local
DH system due to the integration of the SWH plant. Two
scenarios are considered in Stage i: (a) the SWH plant together
with the existing DH system in Hérnosand covering the heat
demand. Since the DH system has a CHP plant, the integration
of SWH influences the coproduction of electricity from the plant
when the CHP plant is operated to cover the marginal changes
of heat demand; (b) the SWH together with a small-scale DH
system with heat-only boilers covering the heat demand.

Stage ii: the system is expanded to include two options to use
the saved biomass from Stage i: (a) a standalone biomass-based
heat production plant. A biomass-based boiler can have
a higher conversion efficiency if it is equipped with an FGC to
recover the low-temperature heat from the exhaust gas.*
However, this technology is not widely used in biomass-based
boilers.* Therefore, FGC is included only in the sensitivity
analysis for the option using a standalone biomass-based heat
production plant and (b) a standalone biomass-based power
production plant.

In this analysis, changes in electricity supply to the grid are
assumed to be generated by a biomass-based steam turbine
(BST) power plant fueled by the saved biomass due to the

3968 | Sustainable Energy Fuels, 2024, 8, 3964-3975

integration of SWH in the DH plant. Three reasons contribute to
the changes in electricity supply. Firstly, the SWH uses electricity
for its own operation (as illustrated in Fig. 3), which is to be
supplied by the power grid. Secondly, the reduction of heat
production of the boilers in the DH plant reduces the electricity
used for its own operation, thereby increasing the electricity
availability to the grid. Thirdly, the reduction of heat production
from the CHP unit in the DH plant will reduce its electricity
coproduction and thus reduce the electricity supply to the grid.
The reduction of cogenerated electricity is calculated based on
the operated power-to-heat ratio of the CHP production unit
(Table 2).

Stage iii: an additional expansion of the energy system
boundary is made to include substitution effects of heat and
electricity in marginal production technologies by the energy
produced in Stage ii. The alternatives for marginal heat and
electricity production are coal-based boilers and natural gas-
based boilers for heat production (alternatives 1 and 2,
respectively, in Fig. 4) and CST (coal-fired steam turbine) and
NGCC (natural gas combined cycle) for electricity production
(alternative 3 and 4, respectively in Fig. 4). In this stage, the
change of fossil fuel use and corresponding CO, emissions
depend on the specific technologies. For electricity production,
we consider marginal production technologies, which are
power plants based on state-of-the-art technology. In addition,
a sensitivity analysis was carried out to include power plants

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4se00607k

Open Access Article. Published on 16 July 2024. Downloaded on 1/22/2026 8:33:35 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Sustainable Energy & Fuels
avoided natural gas avoided coal from
from natural resources natural resources
Stage iii: J U
Fuel substitution Alt. 1 Alt. 2 Alt. 3 Alt. 4
in marginal ﬁoal-based Natural gas- Coal steam Natural gas combine
heat/power boiler based boiler turbine (CST) cycle (NGCC)
plants
heat electricity
Stage ii: To compansate for Charges i
System T
expansion Biomass-based boiler Biomass-based power Biomass-based power
for heat production roduction (BST) production (BST)
Saved| | biomass electricity Saved| |biomass Saved| | biomass
Stage i: = — =
DHS + SWH = : s
Scenario 1 Scenario 2
District heating Solar water heating DHS with small-scale Solar water heating
plant - Harnosand plant (SWH) heat-only boilers plant (SWH)
ClaSaSL SRS S
ek OS S.
SRS [ORS.
B A
Heat Input | | biomass electricity

System

from natural resources

Biomass flow

|

output

boundaries

Energy demand

Electricity flow=

Fig. 4 Schematic of the approach used for the study.

with EU-average conversion efficiency. This reflects the situa-
tion when the marginal change in electricity use influences the
existing power plants in the EU. The conversion efficiencies of
such technologies are shown in Table 2.

3. Results

Results are presented by first addressing the heat production
from the SWH plant during the studied period and then looking
at how that affected the DH system locally. The perspective is
then widened to quantify the potential of the saved biomass to
reduce fossil fuels in the energy system and the corresponding
CO, emission reduction.

3.1. SWH demonstration plant within the DH system

Fig. 5 presents the monthly heat delivered by SWH to the DH
system. Approximately 335 MWh of heat has been delivered to
the DH network, and the SWH used approximately 10 MWh of
electricity for its operation during the study period. The heat

This journal is © The Royal Society of Chemistry 2024
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delivered by the SWH plant accounted for approximately 0.21%
of the total annual heat production by the local DH network.
However, during July 2022 and June 2023, the SWH accounted
for 2.63% and 2.53% of the total monthly heat demand,
respectively. Furthermore, during several days in these months,
the contribution of SWH reached up to 12.1% of the daily heat
production (see Appendix for such a day in July 2022).

3.2. Implications of the SWH demonstration plant for the
studied DH system

The monthly changes in biomass supply to the DH system and
the monthly change in electricity supply available to the grid
due to the integration of the SWH plant are illustrated in Fig. 6a
for DH system in Hirnosand (Scenario 1) and Fig. 6b for a DH
plant with with heat-only boilers (Scenario 2).

Negative values of fuels imply the reduction of fuel use in the
DH plant due to the solar heat produced. Negative and positive
values of electricity imply deficit and surplus of electricity in the
electric grid, respectively.

Sustainable Energy Fuels, 2024, 8, 3964-3975 | 3969
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Table 2 Assumed performance parameters of existing energy supply
units and fuel cycle energy use. Values are based on the LHV of fuels

Conversion efficiency

(%)
Technology Heat Electricity’
District heat production
Coal boiler” 89 —2.0
Fuel oil boiler” 90.0 -1.0
Natural gas boiler” 103 —0.15
Wood chips boiler - small-scale? 89.0 —2.0
Wood chips boiler - with FGC® 114.0 —2.5
CHP steam turbine, wood chips? 76.2 28.2
Standalone power production
Biomass steam turbine/ — 45.0
Coal-based steam turbine® — 46
Natural gas combined cycle” — 56
Coal-based power, EU-27,¢15 averagei — 35.0
Natural gas-based power, EU-275¢:5 averagei — 42.9

“ Ref. 38 with similar electricity use as woodchip boilers. ? Ref. 38 with
an assumed electricity use of 1%. ° Small-scale boilers.* ¢ Ref. 39, based
on the lower range of 2020, ie., without direct condensation and
combustion air humidification and the auxiliary electricity
consumption of 2.2% of the heat generated. ° Ref. 39. S Ref. 32.
€ pulverized coal.* " Ref. 40. ' Based on data for primary energy use
and electricity production.” / Negative value indicates that electricity
is used for the operation of the boilers.

In Scenario 1, the total fuel supply to the DH is reduced by
376 MWh, and the electricity supplied by the DH plant is
reduced by 16.2 MWh over the study period. In Scenario 2,
which has heat-only boilers, the equivalent values are 386 MWh
reduction of fuel supply to the DH plant and a deficit of 7.5
MWh of electricity needs to be supplied to the grid by marginal
power production.

3.3. System effects when avoided biomass usage replace
marginal fuels

The change in electricity delivered to the grid, as discussed in
Section 3.2 due to the integration of SWH, needs to be

6
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accounted for. It is assumed that this change in electricity
production will affect the production in a standalone power
plant with similar fuel, i.e., biomass-based steam turbine (BST)
plant, as illustrated in Stage ii in Fig. 4, using system expansion.

Fig. 7 illustrates the overall balance of the biomass fuel,
including biomass avoided due to the integration of the SWH
plant, the change in electricity production in standalone
power plants, and the energy need for biomass production and
transportation to the energy conversion facilities, i.e.,
a primary energy balance with a life cycle approach. The
equivalent annual biomass savings for the DH system in
Héirngsand (Scenario 1) and for a DH plant with heat-only
boilers (Scenario 2) are 339 MWh and 382 MWh, respec-
tively. Also, Fig. 7a shows the increases in primary energy use
for power production during the months of April-May 2023.
During those periods, the CHP plant was operated to fulfill all
the heat demand (Fig. 3b). Therefore, the heat production in
SWH results in lower production of cogeneration of electricity
in the CHP plant.

Fig. 8a and b illustrate the amount of primary energy that
could be replaced depending on the considered final energy
type (heat or electricity) and the substituted fossil fuel (coal or
natural gas) for the two scenarios of DH production (Scenario 1
& 2), as discussed in Section 2.2. The error bars for electricity
production represent the results of the sensitivity analysis using
marginal power production based on EU-average conversion
efficiency, whereas the error bars for heat production represent
the results of the sensitivity analysis using a heat-only biomass
boiler with an FGC. The results show that approximately 263-
491 MWh of primary energy can be saved, depending on the
scenarios of heat production and the types and technologies
being used at the energy conversion facilities. The reduction in
primary energy use was found to be higher for replacing coal in
comparison to natural gas, varying from 13 to 26%. The primary
energy reduction depends on the scenarios and the system
expansion options (Stage ii, Fig. 4) and is higher with the inte-
gration of SWH in DH plants using heat-only boilers
(Scenario 2) in comparison to DH plants with CHP as in
Héirnosand (Scenario 1).
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Fig.5 Measured daily and monthly average profile of the heat delivered to the DH system in Harndsand during July 1%, 2022-June 30", 2023.
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Fig. 8 Change in biomass use and the consequent changes in fossil fuels when biomass replaces fossil fuels in marginal energy conversion

facilities.

Fig. 9 illustrates CO, emission reduction by using the saved
biomass to replace fossil fuels. The error bars for electricity
production represent the results of the sensitivity analysis using
marginal power production based on EU-average conversion
efficiency, whereas the error bars for heat production represent
the results of the sensitivity analysis using a heat-only biomass
boiler with an FGC. The results show a value of 65.3-189 tons of
CO, emission reduction, depending on the scenarios of heat

This journal is © The Royal Society of Chemistry 2024

production and the considered final energy types. CO, reduc-
tion is higher for replacing coal, up to 96%, in comparison to
natural gas. Also, the use of the saved biomass for heat
production is slightly higher than that for electricity generation.
Further, CO, emission reduction is higher by 13% with the
integration of SWH in DH plants with a heat-only boiler
(Scenario 1II) in comparison to DH plants with CHP as in
Héirnosand (Scenario I).
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Fig. 9 CO, emission reduction potential from the integration of SWH in the DH system.

4. Discussion

The focus of this study is on the integration of solar thermal
heating with medium-temperature district heat production in
a high-latitude region. This study is based on real measurements
in the first full 12-month period (during July 1%, 2022-June 30",
2023) of heat production by a newly commissioned SWH plant
after all the measuring equipment was put into operation. The
heat produced by the SWH plant is directly used in the DH
system in Hiarnosand, Sweden. The results of this study found
that the SWH supplied 335 MWh of heat to the DH network. The
supplied heat covered up to 2.63% and 12.1% of monthly and
daily heat demand, respectively, so SWH production was signif-
icantly lower than the demand (see comparison in Appendix).
However, for a larger SWH capacity, the mismatch between the
heating demand and the availability of solar energy is to be
accounted for. The heat produced in the SWH reduces 376 and
386 MWh of biomass in Scenario 1 and Scenario 2, respectively.
This is equivalent to approximately 1400 tons of annual forest
biomass reduction. The lower value in Scenario 1 is due to the
reduction of cogenerated electricity that needs to be offset by
external energy production utilities, thereby resulting in the use
of additional energy resources. During summer months, the CHP
plant is not in operation and heat demand is met by heat-only
boilers (Fig. 3). Accordingly, the effect of reduced electricity
availability for the grid is limited, which explains the small
variation in biomass savings between the two scenarios.

The saved biomass results in the reduction of fossil fuel use,
and the corresponding primary energy savings are between 263
and 491 MWh. The highest value corresponds to the case when the
saved biomass is used for heat production in a heat-only boiler
(Stage ii in Fig. 4) with FGC with a coal-based boiler as the marginal
heat production plant (Alt. 1 of Stage iii in Fig. 4). The lowest value
corresponds to the case when the saved biomass is used in the BST
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power plant (Stage ii in Fig. 4) with NGCC as the marginal power
plant (Alt. 4 of Stage iii in Fig. 4). The results are valid as long as the
marginal energy conversion facilities are based on fossil fuels.

The results showed that an annual emission reduction
potential of 65 to 189 tons of CO, could be achieved depending
on the configuration of the energy system, which corresponds to
194 to 564 kg of CO, per MWh of heat produced by the SWH
plant. The results also show that 11% higher CO, emission
reduction is achieved if the saved biomass in the DH plant is
used in marginal heat production utilities in comparison to
marginal power production utilities. The emission reduction
potential is also found to be 80-96% higher if the saved biomass
is used to replace coal for heat production in comparison to
natural gas for electricity production. Currently, an emission
factor of 58.3 g CO, per kWh is used for heat delivered by DH in
Harnosand,** which is significantly lower than that found in this
study using a system perspective of biomass in the European
energy system. This may lower the incentive for DH companies to
integrate SWH into their systems. Further, if the use of primary
biomass is avoided and left in nature, i.e., as standing trees or
logging residues, it may have an additional positive effect on
emission reduction that is not reflected in the emission factor
used by the DH companies. To calculate this reduction, there is
a need to include the effects of land use, forestry management,
and time dynamics of GHG emissions, which is beyond the scope
of this article and requires further investigation.

This study reveals the impacts of a SWH plant using PTCs in
a DH system, specifically in terms of primary energy use and CO,
emission reduction. However, the focus of this study is not to
evaluate the performance of the collectors. Such assessment
would require the use of standards such as ISO 24194:2022 and
ISO 9806:2017, which is beyond the scope of this research. It is
important to note that during the initial years of operation,
a SWH plant may undergo a period of fine-tuning and opera-
tional adjustments. This optimization process could enhance the

This journal is © The Royal Society of Chemistry 2024
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operational conditions and further improve the plant's solar
energy output. Additionally, the heat production from the SWH
plant may exhibit variability on an annual basis, largely influ-
enced by changing weather conditions. The study used the first
twelve months of the collected data for further analysis, and
according to the Swedish Meteorological and Hydrological
Institute,* the global horizontal irradiance during the studied
period was within 2% of the mean yearly value of the last decade.
It is possible to reduce the internal shading loss in a solar
thermal plant by changing the collector layout to a sparser
configuration. A sparser configuration lead to an increase in
collector output due to reduced shading loss. However, it reduce
the number of collectors per unit of land area. Further, during
the study period, the insulation on connections between collec-
tors and feed piping was incomplete, which contributed to the
energy loss. Besides, a full life cycle of the SWH plant, including
its construction and end-of-life, together with its cost-benefits in
comparison to other heat production technologies, will provide
a comprehensive picture of GHG emissions. In addition, an
increased share of solar heat in DH networks, together with the
application of seasonal thermal storage, could significantly
influence the operation of the DH plant, and these are areas for
further investigation.

5. Conclusions

This study has analyzed the system effects of a SWH plant based
on PTCs in an existing DH network situated in a high-latitude
region (62.6° N). The SWH plant, with an area of 1056 m?,
contributed approximately 335 MWh of heat annually to the DH
network, leading to a biomass fuel reduction of 376-386 MWh
each year. The heat supplied by the SWH accounted for up to
2.63% of the monthly and 12.1% of the daily heat demand.

In this case study, by using the marginal approach with
system expansion to include the EU energy system, the inte-
gration of SWH in the DH system resulted in a decrease in fossil
fuel usage, ranging from 263 to 491 MWh. This corresponds to
a reduction of 194 to 564 kg of CO, per MWh of heat generated
by the SWH plant. The emission factor currently used by the
Swedish DH industry is lower than the findings of this study.
The system approach adopted in this analysis offers a more
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accurate representation of the impacts of CO, emission when
integrating renewable energy into energy systems.

While the results are based on measured data from a specific
location, the findings could be relevant for systems employing
similar technology and operating under comparable condi-
tions. Furthermore, the methodology applied in this study can
serve as a valuable tool for analyzing the effect of integrating
renewable energy resources into any DH system. This study,
therefore, contributes to the understanding of renewable energy
integration in energy systems.

Nomenclature

CHP Combined heat and power

CST Coal-fired steam turbine
DH District heating

EU European Union

FGC Flue gas condenser

FPC Flat plate collectors

GHG Greenhouse gas emissions
LHV Lower heating value

NGCC Natural gas combined cycle
PTC Parabolic trough collector
SWH Solar water heating
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Appendix

Hourly district heat production and contribution of the SWH
plant on July 12, 2022.

Produced by SWH plant (kWh)
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