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Abstract: The district heating operator Fortum and the city of Espoo have set a goal to abandon the
use of coal in district heating production and increase the share of renewable sources to 95% by the
year 2029. Among renewable fuels and heat pumps, waste heat utilization has an important role in
Fortum’s plans for the decarbonization of district heating production, and Fortum is considering the
possibility of utilizing waste heat from a large data center in its district heating network. The goal
of this paper is to investigate the feasibility and required amount of waste heat to achieve this goal.
Two different operation strategies are introduced—an operation strategy based on marginal costs
and an operation strategy prioritizing waste heat utilization. Each strategy is modeled with three
different electricity price scenarios. Because the low temperature waste heat from a data center must
be primed by heat pumps, the electricity price has a significant impact on the feasibility of waste heat
utilization. Prioritizing waste heat utilization leads to higher production costs, but a lower waste heat
capacity is needed to reach the goal of 95% renewables in production. The higher electricity price
emphasizes the differences between the two operation strategies. Waste heat utilization also leads to
significant reductions of CO2 emissions.

Keywords: decarbonization transition; energy system modeling; data center; open district heating
network; heat pump; renewable energy

1. Introduction

The Finnish city of Espoo (290,000 inhabitants) and the district heating (DH) operator, Fortum,
have set the goal of ending the use of coal in district heating by the year 2025. The DH network
provides heat for over 80% of the population in Espoo and the neighboring cities of Kirkkonummi
and Kauniainen. The total annual heat demand is about 2.6 TWh. The majority of Espoo’s heat
supply is produced by combined heat and power (CHP) plants, and coal is in an important role as a
heat source [1]. Ending the use of coal is expected to increase the share of renewable sources in heat
production from 26% to 85% by the year 2026. By 2029, the share of renewables is expected to reach
95%. Some natural gas capacity will remain in the system due to security of supply, and this share
will be compensated by international compensation mechanisms. Abandoning coal also means that
that a large share of the CHP plants will be closed. The reduced capacity is planned to be replaced
with wood fuel burning heat-only boilers (HOB) and increased use of heat pumps (HP). In addition,
a geothermal plant will be commissioned, which is estimated to cover 10% of the annual heat demand,
while utilization of waste heat in the DH network will be in an important part of Fortum’s plans [2].

Fortum is currently operating three CHP units in Espoo—a coal-burning steam turbine,
a natural-gas-burning open-cycle gas turbine (OCGT), and a combined-cycle gas turbine (CCGT). It has
already been decided that the coal-burning unit with 160 MW thermal capacity and 80 MW electric
capacity will be shut down in 2025. At the moment, there are no public plans to reduce the remaining
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natural-gas-burning capacity [2]. The goal of this paper is to model Espoo’s DH system and assess the
waste heat capacity that would be needed to replace the remaining natural-gas-burning CHP thermal
capacity of 290 MW and reach the planned goal of 95% renewable sources in heat production.

Volkova et al. [3]. Studied the decarbonization of Estonian DH systems. Some of the 146 studied
DH networks could be decarbonized by simply reducing the heat losses and consumption. In some
of the systems, it would be possible to replace fossil-fuel-based production with renewable fuels,
but if fossil fuels are already used very rarely (i.e., mainly for the peak demand), replacing the
peak boilers would not be feasible. In a case study of the Tallinn DH system [4], the possibility of
replacing natural-gas-based heat production with large-scale HPs was investigated. The total HP
capacity of 122 MW through utilizing heat from sewage water, river water, seawater, groundwater,
and ambient air would reduce the share of natural gas in heat production from 50% to 34%, however the
decreased natural gas consumption would not necessarily result in lower CO2 emissions. Because of
the current high emissions factor in the Estonian electricity mix, heat pumps would actually increase
the emissions instead.

The Heat Roadmap Europe [5] recognizes the importance of waste heat utilization for decarbonizing
European heat markets. In the report, excess heat availability is quantified. Waste heat sources from
energy-intensive industrial sectors with a capacity of more than 50 MW were included in the report.
The total potential of the industrial excess heat in 28 European Union countries (including the UK) was
estimated to be 2943 PJ, representing approximately 30% of the primal energy supply of the named
industrial sectors. From these industrial sectors, the fuel supply and refineries sector has the highest
potential of 1059 PJ. Non-ferrous metals have an excess heat potential of 600 PJ, iron and steel have
an excess heat potential of 525 PJ, and the chemical and petrochemical industry has an excess heat
potential of 467 PJ.

Fortum has published the buy-in prices for the open DH network in the Espoo area for heat
suppliers with a capacity of less than 5 MW [6], showing that some waste heat sources are already
connected to the network. For example, Espoo hospital provides 1.5 MW and Ericsson data center
provides 2.8 MW of heat to the DH system [7]. The waste heat from sewage water is utilized in two
20 MW heat pumps and the plan is to commission a third unit in 2021 [8]. There are also plans to
build a 100 MW data center (DC) in Espoo, whose waste heat would be utilized in the DH network [9].
To support the decarbonization of DH systems, the Finnish government is considering lowering the
electricity taxation for large-scale heat pumps producing district heating [10].

Lund et al. [11] conducted a mapping of heat sources for HPs in Danish DH systems. A total
potential of 138.8 PJ/a was found for industrial waste heat sources. The greatest number of sources were
from flue gas cooling, of which the majority had a temperature level higher than 100 ◦C. From process
cooling, approximately 99% of the individual sources provided excess heat at temperature lower than
100 ◦C. Other identified types of industrial processes with potential waste heat sources are, for example,
evaporation and condensation, drying, freezing and cooling, waste steam, and chemical reactions.
Lund et al. also listed supermarkets as a potential waste heat source. Utilizing waste heat from a
supermarket has the benefit that there is usually HP already installed to provide cooling, and with
only a small additional investment the installation can be converted so that it provides cooling for
the supermarket and heat to a DH network simultaneously. Low-temperature industrial waste heat
is potentially available in 17.1% of Danish DH systems and the potential heat volume is 3.4 TWh/a.
The waste heat from supermarkets is available for a greater number of DH networks (61.5% of Danish
DH systems), but the potential heat volume is much lower at only 0.4 TWh/a. Excess heat from the
waste heat treatment has a total potential heat volume of 2.9 TWh/a in 34.5% of Danish DH networks.

There are numerous previous studies on DCs as waste heat providers. Utilization of DC waste
heat has been studied, for example, in [12–15]. Information technology (IT) equipment inside DCs
process and store data in large volumes, consuming large amounts of electricity. Another important
energy consumer in DCs is the heating, ventilation and air conditioning (HVAC) equipment, which is
needed to produce a proper working environment and extract any excess heat produced by the IT
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equipment. In addition to the correct temperature, the HVAC system is responsible for regulating the
humidity and pollution in the air at a safe level for the delicate IT equipment. Currently, DCs are
estimated to consume 3% of the world’s total electricity, while the energy demand on data storage and
processing is estimated to increase in the upcoming years. To reduce the environmental impact of DCs,
heat reuse has increased. Additionally, the possibility of utilizing the renewable electricity sources
as forms of integrated production or power purchase agreements has been considered in literature
and existing projects. The use of renewable energy can be increased by scheduling the non-critical
electricity consumption processes for the hours where there is a high proportion of renewable electricity
in the grid, i.e., photovoltaic electricity during day time [12].

According to Lu et al. [13], 97% of the electricity consumed in DCs could be utilized as waste heat,
providing an attractive heat source for DH, but the low temperature causes some problems related
to efficient utilization. Outdoor temperatures have an impact on the power consumption of a DC,
especially for HVAC systems, however DCs can provide a somewhat steady load throughout the
year [14]. Waste heat temperatures vary from 25 to 35 ◦C in air-cooled DCs. In liquid-cooled DCs,
the waste heat temperature can range from 50 to 60 ◦C, although liquid cooling often covers only the
hottest components, while lower temperature components are still cooled by air [15]. These waste heat
temperatures are often too low for current DH operating temperatures. In Finland, the DH supply
temperature usually varies between 75 and 120 ◦C, meaning the low-temperature waste heat would
require priming, for example by heat pumps. The DH return water temperature usually stays below
50 ◦C, which is easier to achieve with waste heat sources [16]. However, higher return temperatures
would have negative effects on the efficiency of the system [17]. Thus, the DH operator would often
prefer the waste heat feed to be on the supply side; for example, Fortum’s buy-in price is higher for the
supply side than for the return side [6].

In a review, Huang et al. [12] listed 17 existing DC projects that utilize waste heat or have committed
to using renewable electricity within their own production or by power purchase agreements. Seven of
these DCs are located in Finland and most of them utilize waste heat in some form. An exception to
this is Google’s DC in Hamina, where the DC cooling is implemented via a natural seawater cooling
system, however the DC has committed to purchasing wind energy. From a DC owner’s point-of-view,
there are many advantages to placing a DC in Finland or other Nordic countries. Electricity is cheap
and the share of renewable electricity is usually high, which can help to create a green image for the
DC. The cold climate in Nordic countries decreases the cooling demands of a DC, thus reducing the
costs. Additionally, the proximity to lakes or seawater allows the use of natural water for cooling.
Moreover, the high heat demands and extensive DH networks in Nordic cities enable the efficient
reuse of DC waste heat.

Due to the high investment costs of a DH network, the DC must be located close to the heat
demand for efficient waste heat utilization. Additionally, in smaller DCs the waste heat reuse in DH
systems may not be a feasible solution [18]. In such cases, a more feasible solution could be utilizing
the waste heat in the DC building or some other nearby buildings without a connection to DH network.
This would also allow lower utilized waste heat temperatures, but the lower and less stabile heat
demand would limit the reuse of waste heat. Other potential uses for waste heat recovery have been
studied as well. These include electricity production in an organic Rankine cycle, water desalination
and absorption chillers for cooling [15]. Waste heat can also be used to preheat inlet water to power
plant boilers, and in Switzerland, a swimming pool is heated by a nearby data center [12].

Pärssinen et al. [19] conducted an investment analysis for utilization of DC waste heat from the
perspective of a DC operator. The DC operator would invest in the heat recovery equipment, including
a HP to prime the heat. The analysis was done for three different sizes of DCs, and the results showed
that selling waste heat from a small DC is not profitable for a DC owner, but it could be feasible to
invest in heat utilization from larger scale DCs. The payback times varied between 2 and 4 years in
the feasible cases of the study. Wahlroos et al. [18] also concluded that heat recovery from a DC is
profitable and the payback time of an investment is less than the lifetime of the equipment. Waste heat
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utilization can lead to reduction of the CO2 emissions if the use of fossil-fuel-burning HOBs can be
avoided. On the other hand, if the DH system is already highly decarbonized and waste heat can
replace low-emissions sources, increased electricity consumption can even increase the total emissions
of the DH system.

Oró et al. [20] studied waste heat recovery from different air cooling systems in DCs. The study
was based on a 1000 kW DC in Spain. The results show that the waste heat recovery increased the
power usage effectiveness (PUE) value. The PUE is a commonly used metric for measuring the energy
effectiveness of DCs. It is calculated by dividing the total power consumption of a DC by the power
consumption of IT equipment. Thus, the theoretical minimum is 1 when all the power consumed by a
DC is used in its IT equipment, and the power usage is more effective when the PUE is closer to 1.
Although PUE is commonly used, it does not take into account the energy that is recovered and reused.
For this, Oró used the energy reuse factor (ERF) based on the primary energy consumption, which is
the share of reused primary energy out of the total consumption of a DC. The results showed that
55% of the consumed primary energy could be reused in a DH network. With the assumption that
the DC owner operates and invests in the heat recovery equipment, a cooling system recovering heat
from hot return air proved to be economically feasible, with payback times varying between 10 and
14 years. In other studied cooling systems, waste heat was captured from a condenser in a chiller,
which cooled down the chilled water circulation. With these systems, the payback time exceeded the
assumed 15-year lifetime of the equipment.

He et al. [21] studied DC waste heat utilization as a means to replace heat production based
on coal as a case study in China. The results showed that waste utilization led to significant power
savings and increased energy efficiency for the DC. The temperature level of the waste heat could
be raised by installing a distributed cooling system, where the heat absorbed from the server racks
evaporates the cooling fluid in pipes placed in the back of the racks. The cooling fluid is condensed via
chilled water circulation, from which waste heat is recovered by heat pumps. Such a system resulted in
increased DC energy efficiency when compared to a free cooling system, where waste heat is dumped
into the environment. Two-phase cooling systems are based on the latent heat of the cooling fluid,
and can remove greater amounts of heat with a smaller mass flow for the cooling fluid. Additionally,
capturing the waste heat at higher temperatures is possible in two-phase cooling systems [12].

Lowering the DH supply temperature would reduce the utilization of different waste heat and
renewable sources, but lower operation temperatures would also decrease the heat losses in the
distribution and increase the system efficiency [22]. In new low-energy houses, a supply temperature
of 50 ◦C would be enough for space heating, but older buildings are often designed for higher supply
temperatures. Additionally, old domestic hot water substations would need to be replaced and special
care would need to be taken to avoid the increased legionella risk due to lower temperatures [23].
According to Volkova et al. [24], low-temperature district heating is one of the most important factors
in lowering the emissions and fuel consumption of DH systems, however the transition to large
systems would require a long period of time, and there are no public plans for lowering the operation
temperatures in Espoo. Thus, low-temperature district heating is not considered in this paper.

2. Materials and Methods

The goal of this paper was to analyze the impact of waste heat utilization on the DH production
costs after abandoning coal- and natural-gas-based CHP production. Espoo’s DH system was modeled
using EnergyPRO software from EMD International A/S, Aalborg, Denmark [25]. EnergyPRO is a
commercial software and it was chosen for this study as it is able to model complex systems of different
production units with different characteristics. EnergyPRO is widely used for research purposes.
At every time step, EnergyPRO calculates priority numbers based on marginal production costs,
taking into account any possible limitations on the use of a production unit. In this paper, the used time
step was one hour and the optimization period was one year. The electricity price, outdoor temperature,
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DH supply, and return temperatures were input into the model for each time step as a time series.
The modeling in this study was done with EnergyPRO version 4.6.797.

The DH system was modeled as three scenarios of different electricity prices. The assumed year of
the simulation was 2030, when all the coal-based capacity should be shut down in the Espoo area and
the share of renewable sources in the DH production should be 95% [2]. The DH system was modeled
in each electricity price scenario without coal-based capacity, but the natural-gas-burning CHP plants
were still in operation. The amount of waste heat needed to replace the CHP capacity and to increase
the share of renewables to 95% was studied by removing the CHP capacity and increasing the capacity
of waste heat from 0 to 200 MW. Two different operation strategies were introduced—an operation
strategy based on marginal costs and an operation strategy prioritizing waste heat utilization.

After optimizing the production in EnergyPRO (EMD International A/S, Aalborg, Denmark),
the results were used in an investment analysis. The production costs of a system with waste utilization
were compared to the production costs of a DH system without waste heat and the annual savings
achieved were considered as a revenue source.

2.1. External Conditions

The DH operator published the hourly heat demand for the year 2016 in Helsinki’s DH network [26].
This demand was scaled down to estimate Espoo’s heat demand and hourly profile. The total annual
demand was 2601.7 GWh and the peak load was 942.5 MW. For outdoor temperature, hourly data for
2016 from the weather observation station in Kaisaniemi, Helsinki, were used [27]. Because the supply
temperature has a significant impact on the performance of heat pumps, the supply temperature was
modeled according to the outdoor temperature and a control curve in [16]. The control curve is shown
in Figure 1. The return water temperature was assumed to be constant at 50 ◦C. Figure 2 shows the
supply and return temperatures over a year.
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2.2. Heat Pumps

The software (EnergyPRO, EMD International A/S, Aalborg, Denmark) calculated the coefficient
of performance (COP) for heat pumps at each time step according to the given initial characteristics of
a heat pump and the operation temperatures, i.e., the supply and return temperatures and the heat
source’s inlet and outlet temperatures [25]. Heat pumps were used to recover low temperature waste
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heat from data centers and purified sewage water. It is assumed that the HPs can produce heat in the
required supply temperature independently. In reality, HPs often need priming by other heat plants to
achieve the highest supply temperatures. For example, the Katri Vala heat pump plant in Helsinki can
produce heat at temperatures up to 90 ◦C, and at higher temperatures the DH supply water is primed
by a natural-gas-burning HOB. In Mäntsälä (21,000 inhabitants) in Finland, a HP harvests heat from
warm cooling air from a data center. The HP’s supply temperature can reach 90 ◦C and it can cover
all of Mäntsälä’s DH heat demands during summer; however, during the winter months, it needs
priming by other production units [28]. The Suomenoja wastewater heat pump (WWHP) plant in
Espoo recovers heat from sewage water. The plant consists of two 23.5 MW units, and a third unit is
planned for 2021. During winter, the sewage water temperature is 10 ◦C and the HPs cool it down to
3 ◦C. In summer, the sewage water is cooled down from 14 to 7 ◦C. The HP can produce heat with a
COP of 3.7 [29].

The COP of heat recovery HPs and heat source temperature depend on the cooling system of a
DC. The most efficient cooling system is all-liquid cooling, in which the waste heat can be recovered
at temperatures ranging between 50 and 60 ◦C. In such a system, HPs can have COP of up to 6.3.
In mixed air–liquid cooling systems the COP can reach 5.5, while in air-cooled systems the COP can
reach 4.1 [15]. In Finland, the most commonly used system in DC is an air cooling system, in which
cold cooling air is led to the IT equipment through a floor plenum. Cooling efficiency can be increased
by adding a chilled water system to capture heat from the warm cooling air, but this decreases the
temperature level [13].

In Figure 3, a typical DC air cooling system with chilled water circulation and a heat recovery HP
is illustrated, showing the approximate temperature levels. Cold cooling air is led from the computer
room air conditioning (CRAC) unit through the floor plenum and perforated floor tiles to the cold aisle
between the service racks. Air flows through the service racks cooling them. Finally, via the hot aisles,
the warmed up cooling air circulates back to the CRAC unit, where it is cooled down to the required
temperature by chilled water circulation. Waste heat is recovered from the chilled water circulation
by HPs [21]. Heat can be recovered from the chilled water at temperatures in the range of 10–20 ◦C.
The inlet temperature to the service racks typically varies between 15 and 25 ◦C, while the temperature
of the returning hot air ranges between 25 and 35 ◦C [15]. Some studies show that even though heat can
be captured at higher temperatures directly from returning cooling air, this increases the complexity of
the cooling system; thus, heat recovery from chilled water can be more beneficial [21].
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heat pump.

In this paper, it is assumed that data center heat pumps (DCHPs) use a DC chilled water circuit
as the heat source. The heat source inlet and outlet temperatures are 15 and 10 ◦C, respectively.
These temperatures are collected from [13]. In the example in Figure 3, to produce 10 MW of heat,
a DH operator buys 2.8 MW of electricity from the spot market and pays a buy-in price for 7.2 MW of
waste heat to the DC owner. Table 1 shows the assumed design characteristics and actual operation
temperatures of the DCHP and WWHP. To allow easier comparison, same design characteristics are
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assumed for DCHP than WWHP. In the model, the maximum electric capacity of HPs is set high
enough so that it does not limit the heat production.

Table 1. The design and actual temperatures of the heat pumps [29]. Abbreviations: Coefficient of performance
(COP), District heating (DH), Waste water heat pump (WWHP), Data center heat pump (DCHP).

Type COP Source, Hot (◦C) Source, Cold (◦C) DH, Return (◦C) DH, Supply (◦C)

Design 3.7 14 7 50 65
WWHP Calculated 14/10 * 7/3 * 50 Figure 2
DCHP Calculated 15 10 50 Figure 2

* The higher value is the sewage water temperature during summer (April–September) and the lower value is
during winter (October–March).

2.3. Buy-In Heat

The DH operator, Fortum, published buy-in prices for an open DH network in the Espoo area.
The price varies according to the outdoor temperature and differs depending on whether heat is fed on
the return or supply side [6]. The buy-in prices are shown in Table 2. In this paper, it is assumed that
the DH operator is responsible for upgrading the DC waste heat to the supply temperature, thus the
DH operator pays the lower return side price. The DH operator pays for the cold temperature heat
fed on the evaporator side of the DCHP. In the model, the amount of energy provided by a DC is
calculated every hour by subtracting the consumed electricity in the DCHP from the heat produced
by the DCHP. The DH operator also pays the spot price, electricity tax, and distribution costs for the
consumed electricity, along with the variable operation and maintenance (O&M) costs of the HP.

Table 2. Heat buy-in prices for supply and return side feeds [6].

Outdoor Temperature (◦C) −20 −16 −12 −10 −8 −6 −4 −2 0 2 4 6 8 10 12 16 20

Supply (€/MWh) 50 50 50 50 50 45 45 40 30 30 30 25 20 20 20 20 15
Return (€/MWh) 35 35 35 35 35 32 32 28 21 21 21 18 14 10 10 10 8

An energy company, ST1, is planning to open a geothermal plant in Espoo. Heat from the
geothermal plant would be sold to the DH network [2]. The prices in Table 2 were used for this as
well. Because it is assumed that geothermal heat can be fed to DH network in the required supply
temperature, the DH operator pays the higher supply side price for it.

2.4. Assumptions

Three different scenarios were assumed with different electricity prices. In scenario A, the average
electricity price is 29.36 €/MWh. The electricity price and its hourly profile were taken from [30]. In [30],
Khosravi et al. studied different scenarios of development of the Finnish energy mix. In scenario 9,
Khosravi et al. assumed that wind power capacity is increased in Finnish electricity markets with a
support from feed-in tariffs. Additionally, nuclear power capacity is increased and coal-based power
production is shut down. CO2 allowances were assumed to be 30 €/tCO2. The average electricity
price of scenario C, 77 €/MWh, was taken from [31], where the price of CO2 allowances was assumed
to be 30 €/tCO2 as well. The average price of scenario B, 54 €/MWh, corresponds to electricity price
estimation in 2030 in Germany, with CO2 allowances of 29 €/tCO2 and 22% of volatile renewable
electricity production [32]. The value was chosen here because it is roughly in between the other two
scenarios. The hourly price profile for 2016 [33] is scaled in scenarios B and C.

The DH operator has to pay for the electricity that the heat pumps consume. In addition to the spot
market price, distribution fees and electricity tax are paid for the consumed electricity. The electricity
from CHP production is also sold at the spot price. Distribution fees are collected from the high
voltage price list of the network operator in the Espoo area [34]. The electricity grid customer is able to
choose from two different pricing methods. Here, pricing with lower distribution costs but higher
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fixed monthly costs was chosen. The distribution costs consisted of the consumption fee, load fee,
and security of supply fee. A reactive energy or reactive power fee was not considered. From December
until February, the consumption fee was 9.91 €/MWh during the daytime (from 07:00 am until 09:00 pm),
and at any other time the fee was 3.29 €/MWh. In this paper, it was assumed that heat pumps pay
taxes according to the lower tax category 2, which was 6.9 €/MWh. Both electricity consuming and
producing units pay a load fee to the grid operator. The electricity costs are shown in Table 3 and
the fuel costs are shown in Table 4. The price of the CO2 allowance was assumed to be 30 €/tCO2 [31].
For CHP production, all the costs were assumed to be costs of DH production and the revenue from
electricity production was subtracted from the total costs. Electricity consumption was assumed to
cause emissions of 0.091 tCO2/MWh, which was the average emission factor of electricity consumption
in Finland in 2019 [35].

Table 3. The costs of electricity distribution, fuel prices, and the average electricity price for three
different scenarios. The costs of electricity distribution are collected from [34]. Average electricity prices
are from [30–32]

Electricity Distribution €/MWh

Consumption fee 3.29 (9.91) *
Load fee, intake from network 1.81
Load fee, output to network 0.72

Security of supply fee 0.13
Electricity tax 6.90

Average electricity price **:
Scenario A [30] 29.36
Scenario B [32] 54
Scenario C [31] 77

* The higher price is used from December until February during the day time (from 7:00 am until 9:00 pm).
** In scenario A, the used hourly price profile was taken from [30] and the 2016 price profile [33] was scaled in
scenarios B and C.

Table 4. Fuel costs [31] and emission factors [36] for different fuels. The price of CO2 allowances is
assumed to be 30 €/tCO2 [31].

Fuel Price (€/MWh) Tax HOB (€/MWh) Tax CHP (€/MWh) Emissions (tCO2/MWh)

Natural gas 32.4 18.6 12.9 0.199
Wood chips 32 - - -

Wood pellets 38 - - -
Oil 61 22.9 - 0.267

Bio-oil 67 - - -

The DH system had a total HOB capacity of 816 MW, including the two planned new wood-
chip-burning HOBs. The HOBs were burning natural gas, oil, bio-oil, wood pellets, or wood chips.
The HOBs were not modeled as individual units, rather the same fuel burning boilers were modeled
as one unit. The wastewater heat pump thermal capacity was 70.5 MW, which also included the
planned third unit in the Suomenoja power plant area. In the reference scenarios, there were also two
natural-gas-burning CHP units—an OCGT and CCGT. Start-up and shut-down times were limited for
CHP units by adding minimum operation and non-operation times. These times were 24 h for the
CCGT and 4 h for the OCGT. The minimum running capacity was 40% for the CHP units. HPs or HOBs
did not have such restrictions. The production units and their variable operation costs are shown in
Table 5. The DH system also included a 20,000 m3 hot water thermal storage unit, with a total storage
capacity of 857.5 MWh. Heat losses for the storage or the network were not considered. For CHP units,
heat rejection was allowed if it lowered the production costs.
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Table 5. Production units in the model. Abbreviations: Operation and maintenance (O&M), Combined-
cycle gas turbine (CCGT), Open-cycle gas turbine (OCGT), Heat-only boiler (HOB), Waste water
heat pump (WWHP), Data center heat pump (DCHP), Natural gas (NG), Wood pellets (W. pellets),
Wood chips (W. chips).

Unit Fuel
Fuel

Capacity
(MW)

Thermal
Capacity

(MW)

Electric
Capacity

(MW)

Minimum
Load

Min.
Operation/Non-
Operation Time

O&M Costs

CCGT * NG 498 214 234 40% 24 h 4.5 €/MWhel
OCGT * NG 132 75 45 40% 4 h 4.5 €/MWhel
HOB 1 NG 525 473 - - - 2 €/MWhfuel
HOB 2 Oil 94 85 - - - 2 €/MWhfuel
HOB 3 Bio-oil 49 45 - - - 2 €/MWhfuel
HOB 4 W. pellets 90 80 - - - 2 €/MWhfuel
HOB 5 W. chips 147 133 - - - 2 €/MWhfuel

Geothermal - - 40 - - - -
WWHP - - 70.5 - - - 3 €/MWhheat
DCHP - - - - - - 3 €/MWhheat

* Used only in the reference scenarios. The approximate capacities of the CHP plants were taken from [37], HOB plants
were taken from [38–41], the geothermal plant was taken from [2], and the WWHP plant was taken from [8,29].
Estimations of the variable operation and maintenance (O&M) costs were based on [42].

2.5. Investment Analysis

The economic feasibility of the waste heat utilization was studied further by calculating the
net present value (NPV) and discounted payback period (DPP) for DCHP investments of different
capacities. In the calculations, the capital costs and fixed annual costs were considered. The investment
gained revenue, which came from the production cost savings from waste heat utilization when
compared to the situation of 0 MW of waste heat and no CHP production. Annual cash flows were
assumed to be the same for every year, while changes in weather conditions, heat demands, electricity
and fuel prices, and operation and maintenance (O&M) costs were not considered. The NPV can be
calculated with Equation (1), where C0 is the initial investment costs, r is the rate of return, t is the
investment’s life time, and C is the annual cash flow, which is equal every year after the investment is
made. The annual cash flow equals the annual production cost savings subtracted with annual fixed
costs. The equation is based on an equation represented in [43]:

NPV = C
1− (1 + r)−t

r
−C0 (1)

The assumptions for the costs contain a great level of uncertainty. For example, the location of a DC
had an impact on costs, as a high share of the investment costs was due to building the DH network and
connection to the DC [18]. The Danish Energy Agency estimated the investment costs for a 10 MW HP
for recovering industrial waste heat to be 0.58 M€/MWheat in 2030, while if the HP needed to be capable
of producing a DH supply temperature of 80 ◦C, the investment costs would be 5% higher. The annual
fixed O&M costs were estimated to be 2000 €/MWheat/a [42]. Wahlroos et al. in [18] estimated similar
sized HP’s investment costs to be 500 €/kWheat, while Rämä et al. [44] used value of 650 €/kWheat for
HP investments. Another source of uncertainty is the rate of return. Companies operating in different
business areas evaluate the rate of return differently. For example, if an investment contain high risks,
the rate of return can be expected to be higher [19]. Often, DC owners have higher expectations for
returns on their investments than DH operators [18].

Here, the investment costs were assumed to be 0.6 M€/MWheat and the annual fixed O&M costs
were assumed to be 2000 €/MWheat/a. The DH operator also pays the monthly fixed fee for the electricity
grid owner. A high-voltage connection in the Espoo area costs 19,500 €/month, leading to the total
annual cost of 234,000 €/a [34]. The rate of return was assumed to be 6%, which was the same as
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Rämä et al. used in [44]. In addition to the NPV, the discounted payback period (DPP) was calculated
with Equation (2) [43]:

DPP = −
ln
(
1− C0r

C

)
ln(1 + r)

(2)

3. Results

In the reference scenarios, when the CCGT and OCGT plants were still running and waste heat
was not fed into the system, the average and total production costs were 37.34 €/MWh and 97.2 M€ in
scenario A, 37.02 €/MWh and 96.3 M€ in B, and 32.26 €/MWh and 83.9 M€ in C. The shares of renewable
energy sources (RES) are 80% in A, 79% in B and 67% in C. CO2 emissions of the reference scenarios are
130 ktCO2 in A, 136 ktCO2 in B and 205 ktCO2 in C. The emissions of electricity production are excluded
from these numbers according to the power to heat ratio of the CHP plants. CHP plants can reject
heat, if it leads to negative net production costs. In B, 75 MWh and, in C, 3841 MWh of heat is rejected.
CO2 emissions from heat pumps are estimated throughout this paper assuming the 2019 average CO2

emission coefficient of electricity production (91 g/kWhel) in Finland [35].

3.1. Operation Strategy Based on Marginal Costs

After removing the CHP capacity from the model, the capacity of DCHP is increased gradually
from 0 MW to 200 MW by 10 MW steps. The production order of different units is based on their
marginal costs and waste heat is utilized only if it is beneficial according to the total production costs.
Thus, the production costs decrease as the waste heat capacity is increased. In Figure 4, the increase of
the share of RES and the decrease of the production costs are represented, as waste heat capacity is
added to the model. The key values of the results are represented also in Table 6.
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Figure 4. Production costs and share of renewable sources as a function of waste heat capacity
in operation based on marginal costs. Abbreviations: Renewable energy source (RES), Reference
scenario (Ref.).

In reference scenario A, the production share of the CHP plants is very small, at only 2% of
the annual demand. Thus, removing the CHP capacity has a very small influence on the average
production costs. Already the 10 MW waste heat can lower the average costs below the level of
reference scenario A. In scenario B, approximately 60 MW of waste heat is needed to lower the average
cost to the reference level. In reference scenario C, 29% of the annual heat demand is produced by the
two CHP units. Due to the high electricity price, the cost of waste heat utilization is much higher and
production costs cannot be lowered below the reference level, with a reasonable amount of waste heat.
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Table 6. Results with some selected data center heat pump (DCHP) capacities and the operation
strategy based on marginal costs. Total annual emissions, the share of the renewable energy sources
(RES) in production, and average production costs are represented in the table.

DCHP
Capacity

Emissions (ktCO2) RES % Costs (€/MWh)

A B C A B C A B C

Reference 130 136 205 80.3% 79.3% 67.0% 37.34 37.02 32.26
0 MW 130 131 131 80.4% 80.3% 80.2% 37.59 39.37 40.98

10 MW 124 124 124 81.9% 81.8% 81.6% 36.87 38.84 40.61
140 MW 68.5 69.0 70.6 94.9% 94.4% 93.5% 30.71 34.51 37.59
150 MW 67.6 68.0 69.2 95.3% 94.8% 93.8% 30.42 34.34 37.49
160 MW 66.9 67.1 68.1 95.7% 95.1% 94.1% 30.15 34.19 37.39
200 MW 65.5 64.8 65.2 96.8% 96.1% 95.0% 29.24 33.69 37.09

The results in the 95% RES situation are highlighted with bold font.

The share of RES can be increased above the goal level of 95% with 150 MW of DCHP output
in scenario A. The capacity factor of the DCHP is then 65%. In scenario B, approximately 160 MW
output from the DCHP is needed to increase the share of renewables to the level of 95%, which leads to
60% capacity factor for the DCHP. In scenario C, 200 MW of the DCHP capacity is needed to increase
the share of RES to the target level. The DCHP capacity factor is 45%. When the DCHP capacity of
200 MW is used, the total production costs are 76.1 M€ in scenario A, 87.7 M€ in scenario B, and 96.5 M€
in scenario C. With 95% share of renewables, the emissions are 68 ktCO2 in scenario A, 67 ktCO2 in
scenario B, and 65 ktCO2 in scenario C.

In all of the scenarios, the capacity factor for DCHP decreases as more waste heat is added to the
system. When the waste heat capacity is increased from 10 to 200 MW, the capacity factor for DCHP is
84–63% in scenario A, 85–56% in scenario B, and 78–45% in scenario C. For comparison, the 70 MW
wastewater heat pump plant, which does not have buy-in costs, has a capacity factor of 99–98% in
scenario A, 97–91% in scenario B, and 94–86% in scenario C. The 40 MW geothermal plant, which has
higher buy-in costs but no electricity costs, has a capacity factor of 99–80% in scenario A and 100% in
scenarios B and C. In scenarios B and C, the increase of the DCHP capacity does not have a significant
impact on the production of the geothermal plant, but in scenario A it is seen that the DCHP replaces
some of the production of the geothermal plant. If the DCHP capacity is set to 40 MW to be equal
with the geothermal capacity in scenario A, the capacity factors are 77% for the DCHP and 97% for the
geothermal plant.

3.2. Operation Strategy Prioritizing Waste Heat

The waste heat utilization is prioritized so that waste heat is always fed in the network when
it is possible. This raises the production costs, as waste heat starts to replace some of the cheaper
production outputs, but the goal of 95% renewable production is achieved with a lower waste heat
capacity. Because the electricity price does not have an impact on the capacity factor of a DCHP, the goal
is achieved with 140–150 MW capacity of the DCHP in all the scenarios. There are small differences
between the scenarios, because the higher electricity price still decreases the production of WWHPs
and increases the natural gas consumption in HOBs. With a waste heat capacity of less than 100 MW,
the DCHPs can produce heat at full load throughout the year, however after this the heat demand
starts to limit the production. The annual minimum heat demand is 63.4 MW, however the thermal
storage gives some flexibility to the heat production. The share of RES and the average production cost
are shown in Figure 5 and Table 7 for different waste heat capacities.
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Table 7. Results with some selected data center heat pump (DCHP) capacities and an operation strategy
prioritizing waste heat utilization. Total annual emissions, the share of the renewable energy sources
(RES) in production, and average production costs are shown in the table.

DCHP
Capacity

Emissions (ktCO2) RES % Costs (€/MWh)

A B C A B C A B C

Reference 130 136 205 80.3% 79.3% 67.0% 37.34 37.02 32.26
10 MW 124 124 124 81.9% 81.8% 81.7% 36.89 38.87 40.67
80 MW 86.4 85.2 84.9 90.7% 90.7% 90.5% 33.32 36.62 39.57
140 MW 70.8 71.0 70.7 95.0% 94.9% 94.8% 31.50 35.90 39.91
150 MW 69.8 70.0 69.7 95.4% 95.4% 95.2% 31.24 35.79 39.94
160 MW 69.0 69.3 69.0 95.8% 95.7% 95.6% 30.99 35.70 39.99
200 MW 67.7 67.9 67.3 97.0% 96.9% 96.8% 30.17 35.44 40.25

The results for the 95% RES situation are highlighted with bold font.

Because the prioritized waste heat replaces some of the cheaper production outputs, the average
production cost is higher than with a purely marginal-cost-based operation strategy. With 150 MW
waste heat, the total production cost is 81.3 M€ in scenario A, which is about 2.7% higher than with
the marginal-cost-based operation strategy. With 200 MW of waste heat production, the costs are
3.1% higher in scenario A, 5.2% higher in scenario B, and 8.5% higher in scenario C than with the
marginal-cost-based operation strategy. Nevertheless, it is possible to decrease the production cost
below the reference level in scenarios A and B. In scenario C, the reference cost level is not met.
In scenario C, the minimum cost is achieved with 80 MW of DCHP capacity; after this point adding
more waste heat increases the average production cost. When the 95% share of RES is achieved,
the total annual emissions equal 71 ktCO2 in scenario A and 70 ktCO2 in scenarios B and C.

3.3. Fuel Consumption

When the 95% share of RES is reached by increasing the waste heat capacity, heat production
from the DCHP replaces other heat sources. The greatest reduction is seen in natural gas consumption,
which is the most expensive fuel that is used in the model. Oil and bio oil burning HOBs have higher
fuel costs, but in the reference scenarios or 95% RES situation, they are not producing heat at all or only
a very little, thus there are no changes. The reductions in natural gas consumption are the highest in
the scenarios with higher electricity prices when the 95% RES situation is compared to the reference
scenarios. This is due to the fact that higher electricity prices increase CHP production and natural gas
consumption in the reference scenarios. Natural gas consumption decreases by 75–76% in scenario A
depending on the operation strategy, 76–78% in scenario B, and 85–86% in scenario C. In total, the fuel
consumption decreases by 48–51% in scenario A, 49–51% in scenario B, and 46–52% in scenario C.
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In Table 8, the consumed fuels and other heat sources are represented in the reference scenarios
and 95% RES situations. The values for sewage water heat and DC waste heat are calculated by
subtracting the consumed electricity in a HP from the heat produced by the HP. The fuel consumption
of the CHP plants (CCGT and OCGT) is allocated for heat and electricity production according to
Equation (3), where Q is the fuel consumption, P is the electricity production, and ∅ is heat production:

QHeat
Fuel = QTotal

Fuel
∅Th

PEl +∅Th
(3)

Table 8. Fuel and electricity consumption in different scenarios in the 95% RES situation with both
of the marginal-cost-based (OS1) and waste heat prioritization (OS2) strategies. Abbreviations:
Combined-cycle gas turbine (CCGT), Open-cycle gas turbine (OCGT), Heat-only boiler (HOB),
Waste water (WW), Data center (DC), Natural gas (NG). Summations are represented in bold font.

Heat Source A Ref. A OS1 A OS2 B Ref. B OS1 B OS2 C Ref. C OS1 C OS2

DCHP capacity (MW) 0 150 140 0 160 150 0 200 160

CCGT NG (GWh) 36 0 0 162 0 0 576 0 0
OCGT NG (GWh) 25 0 0 171 0 0 263 0 0
HOB NG (GWh) 506 136 144 265 142 134 116 145 138

Oil (GWh) 0 0 0 0 0 0 0 0 0
Bio-oil (GWh) 0 0 0 0 0 0 0 1 0
Pellets (GWh) 425 170 191 410 170 170 249 221 175
Chips (GWh) 831 592 613 825 620 592 729 670 612

Fuels total 1824 898 947 1833 932 896 1933 1036 925

Geothermal (GWh) 348 323 202 350 351 207 344 351 218
WW heat (GWh) 420 418 260 412 387 248 356 362 222
DC heat (GWh) 0 605 821 0 596 863 0 554 863

Electricity (GWh) 192 445 464 189 428 476 163 400 464

Total energy input 2784 2690 2696 2784 2694 2690 2796 2704 2693

Electricity production 49 0 0 252 0 0 710 0 0

In Table 8, it can be seen that waste heat utilization decreases fuel consumption significantly, but for
the total input energy to the DH system such large changes cannot be seen. In reference scenarios B and
C, the total electricity production is greater than the consumption. When the two operation strategies
are compared, prioritizing waste heat utilization (OS2) does not have a significant impact on the total
energy input to the DH system. Changing the operation strategy from marginal-cost-based (OS1) to
prioritizing waste heat decreases the fuel consumption only a little. In scenario A, the fuel consumption
even increases if waste heat is prioritized. This is due to the lower DCHP capacity, which increases
the need for HOBs during the peak demand hours. The most significant changes between the two
operation strategies are seen in the use of geothermal plants and WWHPs. Figures 6 and 7 show the
production graphics for scenario A with both of the operation strategies.
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When the operation strategy is based on marginal costs, the base load is produced mainly from
the geothermal plant, WWHP, and DCHP. The heat production of the DCHP is emphasized during
the colder months, as WWHP and geothermal plant cover the summer heat demand. In scenario A,
only 24% of the annual heat production of the DCHP is produced during the six-month period between
April and September. If the waste heat utilization is prioritized, the increased DCHP production
has only a small impact on the need for HOBs during the peak demand hours. The most significant
change is that during summer, the DCHP replaces the production from the WWHP and the geothermal
plant, which are considered as renewable and sustainable heat sources as well. Therefore, increasing
waste heat utilization by prioritizing it does not have a significant impact on fuel consumption in
HOBs. In scenarios B and C, the pattern is not as clear and the higher electricity price limits waste
heat utilization more during winter months if the operation strategy based on marginal costs is used.
Therefore, a greater difference in fuel consumption can be seen after prioritizing the DC waste heat.

3.4. Investment Analysis

The NPV and DPP are calculated in every scenario and both of the operation strategies, with a
DCHP capacity of 10–200 MW. The lifetime of the HP investment is assumed to be 20 years. In Table 9,
the investment costs and annual net cash flows for each scenario are shown with some of the different
DCHP capacities. Equations (1) and (2) are used to calculate the NPV and DPP for different scenarios,
which are represented in Figures 8–10.

Table 9. Investment costs and annual net cash flows for different scenarios with the marginal-cost-based
operation strategy (OS1) and waste heat prioritization strategy (OS2). Abbreviations: Data center heat
pump (DCHP).

DCHP Capacity Investment (M€)
Scenario A

Cash Flow (M€)
Scenario B

Cash Flow (M€)
Scenario C

Cash Flow (M€)

OS 1 OS2 OS1 OS2 OS1 OS2

50 MW 30 7.8 7.4 5.7 4.9 3.9 2.8
100 MW 60 13.9 12.4 10.0 7.4 6.9 2.9
150 MW 90 18.1 16.0 12.5 8.8 8.6 2.2
200 MW 120 21.1 18.7 14.1 9.6 9.5 1.3
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With the operation strategy based on marginal costs, the NPV is positive in scenarios A and B for
all of the DCHP capacities. In scenario C, a capacity of 180 MW or higher results in a negative NPV.
As the capacity of the DCHP is increased, the increase of the NPV slows down and reaches its maximum
of 121.9 M€with 190 MW in scenario A, 56.0 M€with 120 MW of DCHP in scenario B, and 19.7 M€
is reached with 90 MW of DCHP capacity in scenario C. The DPP is then 6.9 years in scenario A,
8.4 years in scenario B, and 12.0 years in scenario C. Prioritizing waste heat utilization over some of the
cheaper production technologies decreases the NPV, however in scenario A the NPV is positive for all
the capacities. If waste heat is prioritized in scenario A, the maximum NPV of 95.2 M€ is achieved
with 180 MW of DCHP and the DPP is then 7.8 years. In the scenarios with higher electricity prices,
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the differences between operation strategies are greater. In scenario B, the maximum NPV of 29.7 M€ is
achieved with 70 MW of DCHP and the DPP is then 8.9 years if waste heat is prioritized. Adding a
capacity of 180 MW or more in scenario B results in a negative NPV. In scenario C, the maximum NPV
is only 3.3 M€with 30 MW capacity, while 60 MW or more results in a negative NPV.

The goal of a 95% share of RES in the DH production is achieved with a DCHP capacity of 150 MW
in scenario A, 160 MW in scenario B, and 200 MW in scenario C if the operation strategy is based on
marginal costs. This results in NPV and DPP values of 117.6 M€ and 6.1 years in scenario A, 52.4 M€
and 10.1 years in scenario B, and −11.1 M€ and 24.4 years in scenario C, respectively. By prioritizing
waste heat utilization, the goal can be achieved with lower capacity and investment costs, however
the NPV is lower in all scenarios. The capacity of 140 MW of DCHP in scenario A results in a NPV
of 91.7 M€ NPV and a DPP of 6.9 years. In scenarios B and C, 150 MW capacity would be needed.
In scenario B, this results in a NPV of 10.6 M€ and DPP of 16.4 years. In scenario C, the NPV is negative
with 150 MW capacity.

4. Discussion

4.1. The Goal of 95% of Renewable Production Can Be Achieved

Two different operation strategies were studied with three different electricity price scenarios.
The results showed that it is possible to lower DH production costs and have a high share of RES in the
production by utilizing DC waste heat in the studied network. With marginal-cost-based operation
strategy, waste heat was only utilized when it was beneficial according to the total production costs.
This means that adding more waste heat capacity lowers the production costs, but at the same time the
capacity factor of the DCHPs decreases. The goal of 95% share of RES in production was achieved in
all scenarios. Figure 4 shows that the increase of the share of RES decreases when adding greater waste
heat capacity to the system. Waste heat utilization leads to significant reductions of CO2 emissions in
all of the scenarios. In this study, the 95% RES situation leads to average emissions of 25–27 g/kWhheat,
depending on the electricity price and chosen operation strategy. By comparison, in 2018 in Finland,
the average emissions for DH production equaled 147.1 g/kWhheat [45]. In 2012, the average emissions
for Espoo’s DH production were significantly higher at approximately 300 g/kWhheat [46].

4.2. The Costs of Waste Heat Utilization are Highly Dependent on the Electricity Price

Approximately half of the total annual costs of waste heat utilization in scenario C are from the
electricity spot price, one-third is from the waste heat buy-in, and the rest of the costs are from the heat
pump O&M and electricity distribution. While a higher electricity price increases the waste heat costs,
it also benefits the CHP production in the reference scenarios. In reference scenario A with the lowest
electricity price, only 2% of the heat demand is produced by the natural-gas-burning CHP plants;
thus, closing down these two plants only has a slight impact on the production costs. In the scenarios
with higher electricity prices, the share of CHP production is higher and the impact on production
costs is stronger. It was possible to lower the average production costs below the reference level in the
scenarios A and B, but in C the reference cost level was not met.

4.3. Waste Heat Cannot Replace Winter Peak Production in Espoo

Waste heat utilization also leads to fuel savings in the DH system in the 95% RES situation when
compared to the reference scenarios with CHP production. With the marginal-cost-based operation
strategy, waste heat utilization is emphasized during the winter months, while in summer the demand
is met mainly by the WWHP and geothermal plant. Natural gas and wood fuel burning HOBs are used
mainly to meet the winter peak demand. Therefore, prioritizing waste heat utilization does not reduce
fuel consumption significantly, however largest changes are seen in the utilization of geothermal
energy and heat from sewage water, which are also considered renewable sources.
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With the operation strategy prioritizing waste heat utilization, the maximum capacity of DCHP
that can be fed to the DH network continuously is approximately 100 MW. A higher capacity than this
would decrease the annual full load hours and lead to energy losses in the DCs. As the waste heat
mainly competes against cheaper and already sustainable heat sources to produce the base load and
because of the mismatch between the load and demand, DC waste heat does not fit well in terms of
lowering the peak consumption of fossil fuels. Seasonal heat storage could be one solution for shifting
waste heat production for the periods of higher demand and should be considered in future studies.

4.4. A Mutually Beneficial Operating Contract is Essential

In this paper, the DH operator paid the buy-in price for the waste heat provider according to the
outdoor temperature. Fortum’s public open district heating network pricing was used. The public
pricing is meant for heat producers with thermal capacity of less than 5 MW, thus the pricing may
differ at a larger scale. It is important that a bilateral contract for waste heat utilization benefits both the
DH operator and the waste heat provider. Depending on the terms of the contract, waste heat recovery
may require high investments from both of the parties, and the pricing and terms of the contract should
be set out so that these investment costs can be covered in a reasonable time [18]. The higher supply
side pricing seems to be more beneficial to the DH operator, as the geothermal plant full load hours
stay close to 100% in all of the scenarios.

Wahlroos et al. evaluated the barriers for waste heat utilization in [18]. Utilizing waste heat from
an industrial facility also contains a risk for a DH operator, whereby the facility could be run down at
relatively short notice, which should be considered when the investment decision is made. Additionally,
the uncertainty in electricity markets can have an impact on the profitability, thus increasing the
risks [28]. Additionally, from a DC operator’s perspective, there is a risk that the market situation may
change and the DH operator may stop or reduce their purchasing of waste heat [18]. In this paper,
the possibility of increasing the operating hours of the DCHPs by prioritizing waste heat was studied.
In scenario A, prioritizing waste heat caused a relatively small increase in the costs when compared
to the marginal-cost-based operation strategy. The higher electricity price led to a greater difference
between the operation strategies. Increasing the costs related to priming the waste heat would likely
decrease the price that the DH operator is willing to pay for heat. Waste heat does not seem to be
a competitive heat source for the summer base load production, which implying that by lowering
summer pricing could help the system reach higher annual full load hours for waste heat utilization,
which could benefit both the DH and DC operators.

4.5. Liquid Cooling and LTDH Would Improve Utilization of Waste Heat

The DC was assumed to be cooled by traditional air cooled system with chilled water circulation
to capture the heat from the cooling air. In many newly built DCs, especially larger scale DCs,
the cooling demand is satisfied by liquid cooling systems, which allows the heat to be captured at
higher temperatures. This would decrease the power needed to prime the heat and improve the COP
of the HPs [12]. In this paper, the amount of waste heat capacity that is realistic in the Espoo area
was not evaluated. The total waste heat capacity can consist of a few large DCs or multiple smaller
ones. The results can be generalized to involve other low-temperature waste heat sources in an open
DH network as well. In the Heat Roadmap Europe [5], the industrial excess heat potential in Finland
is estimated to be 92 PJ (26 TWh), however this number does not include industrial facilities with a
thermal capacity of less than 50 MW; thus, the estimation could be conservative.

4.6. Employment Shifts to IT Sector

The impact of closing down large energy plants on the employment rate in Espoo was not
considered. While a power plant closing down could have a negative impact on employment, new DCs
would also create jobs in the same area. For example, Google’s new DC in Hamina, Finland, has been
estimated to have created approximately 100 new jobs in the area of the city [47].



Energies 2020, 13, 3551 18 of 21

Another energy company, Helen, and the city of Helsinki are planning to reduce their coal-based
CHP capacity [48]. Closing down a large-scale CHP plant could have an impact on Finnish electricity
markets as well. Khosravi et al. [30] concluded that if no replacement electricity generation capacity
is provided, the decision to ban the use of coal in energy production would increase the net imports
of electricity.

4.7. Future Electricity Price and CO2 Price Determine the Profitability of New Investments

The investment analysis showed that large-scale investment in waste heat utilization could be a
profitable and feasible solution for decarbonization of Espoo’s DH system if the electricity price stayed
at a low level. High electricity prices could easily make the investment unprofitable, as seen in scenario
C in this paper. The prioritization of waste heat utilization in scenario C would not be profitable at a
larger scale and capacity greater than 50 MW would result in a negative NPV. In the scenarios with
lower electricity prices, the situation is better. In scenario A, the payback time for an investment to
allow a 95% share of RES is approximately 6–7 years, depending on the operation strategy, which is
relatively low when compared to the lifetime of the investment. In scenario B, the payback time is
10–17 years. In the scenario with the highest electricity price, the heat recovery investment to allow a
95% share of RES would not be profitable. The assumption that the profits and costs of waste heat
utilization throughout the calculation period bring uncertainty to the investment analysis. The prices
for electricity and fuel could change significantly over the 20-year period; for example, O&M costs
may increase as well. Additionally, the annual average outdoor temperature has an impact on the heat
demand, which would affect the outcome of the optimization. The DH network was modeled for a
one-year optimization period. Taking into account changes to the costs and heat demand would have
required the system to have been modeled for the whole 20-year period.

The future price of the CO2 emission allowance in the European market is crucial in determining
the costs of the planned decarbonization. In this study, a moderate price of 30 €/tonCO2 was assumed,
which is about 5 €/tonCO2 higher than the present level. With higher CO2 prices, the abandonment of
coal and replacement with renewables and waste heat sources would be even more attractive.

5. Conclusions

In the studied price scenarios, it is possible to reach the goal of a high amount of renewable district
heating production. In the reference scenarios for the lowest electricity prices, revenues from electricity
production only have a slight impact on the total production costs, and it is possible to lower the
production costs below the reference level via waste heat utilization. In the scenario with the highest
electricity price, the situation is different. The high electricity price benefits the CHP production in
the reference scenario and at the same time the costs of heat pumps increase, thus the reference level
for the production costs cannot be reached by increasing the waste heat capacity. From the studied
operation strategies, the strategy based on marginal costs leads to lower average production costs.
On the other hand, if waste heat is prioritized in the district heating system, less capacity would be
needed to reach the goal of renewable production. The difference in the needed capacity between
the two operation strategies is especially significant in the scenario with the highest electricity price,
where 200 MW is needed if marginal-cost-based strategy is used; by prioritizing waste heat, 150 MW is
enough to reach this goal. Large-scale waste heat utilization also leads to significant CO2 emission
reductions in all of the scenarios.

Even though waste heat utilization can lead to significant reductions of fossil fuel consumption,
data center waste heat fits poorly when it comes to replacing fuel-burning heat-only boilers as peak
demand producers. As the heat load provided by a data center is not dependent on the district heat
demand and data centers provide heat throughout the year, data center waste heat works best as a
base load heat source. The simulation of this study shows that increasing the waste heat utilization by
prioritizing it in the running order mostly influences the utilization of other renewable and low-carbon
heat sources. Additionally, the capacity needed for a 95% share of renewable production already
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exceeds the summer time minimum demand. For these reasons, reaching higher shares of renewable
production can be difficult and other technologies or heat sources should be considered to decarbonize
the peak load production.

Lower capacity and investments are needed to reach the goal of renewable production, if waste
heat is prioritized, but the operation strategy based on marginal costs is more beneficial according to
the net present value and payback time analysis. The investment is feasible in the two lower electricity
price scenarios, but with the highest price the net present value is negative after the assumed lifetime
for the heat recovery heat pumps.
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