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The demand response and peak power limiting could potentially reduce Received 30 January 2023
the peak power and energy demand. This study examines the effect of ~ Accepted 18 August 2023
rule-based demand response and peak power limiting on the peak
power and energy demand of heating. Study was conducted as a co- Demand response: peak
simulation where buildings and district heating production were power "mmﬁg; di;t?ied
simulated separately but both inclusively. Results indicate that demand  peating; energy cost; thermal
response provides 2.8-4.7% energy saving and 2.3-3.4% total district comfort

heating cost saving potential. Moreover, according to the simulations,

demand response provides 32% emission reduction in district heating

production in contrast to the reference case. Peak power limiting

provides significant reduction in the peak power and district heating

base cost. However, its ability to provide additional reduction in the

energy demand and emissions is confined compared to the demand

response due to the effective time of the limit. Chosen acceptable

temperature range can be maintained decently.
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Introduction

Buildings are responsible of 35% of the global final energy consumption (Hamilton et al. 2020).
Buildings’ operation is responsible for 28% of the global greenhouse gas (GHG) emissions, when
indirect upstream energy generation emissions are considered (IEA 2020). Building sector’s oper-
ational emissions reached all time high of 10 GtCO, in 2019. When building construction industry
is accounted the building sectors share of global emissions increases to 38% (Hamilton et al. 2020;
IEA 2020). To adjust with the net zero targets by 2050, EU has set the most recent target of reducing
CO, emissions by 55% by 2030 compared to 1990 (European Commission 2021).

Heating is the largest form of energy end use, accounting of over half of the final energy con-
sumption in EU. Space heating accounts for about 27% in European Union (EU28) total energy
demand (HRE4 2017). The majority of the heat production relies on the fossil fuel burning. Fos-
sil-fuel-based energy generation is associated with climate change, air pollution, health risks, and
cost dependency on hydrocarbon markets. In 2019, about 55% of the people lived in urban
areas, and due to the rapid urbanisation share is predicted to rise to 68% by 2050. Thus heat demand
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in cities is increasing and buildings and cities urgently require alternatives for fossil fuels and other
combustion-based energy production to avoid the worst climate concerns to realise (Bertelsen et al.
2021). Transition to a sustainable heating sector requires investments in energy efficiency to
decrease the total energy demand, and to energy production systems to replace fossil fuels with
renewable and non-emitting energy sources (Mathiesen et al. 2019).

District heating (DH) networks are utilised to deliver heating to buildings. District heating pro-
vides an efficient heating supply system especially in densely populated urban areas in colder cli-
mates (Paitho and Saastamoinen 2018). It allows an efficient waste heat utilisation among
buildings and can provide centralised heat storages. In 2021, about 8% of the total heat consump-
tion was delivered by district heating networks globally, of which Europe, Russia and China
together established more than 90% (Delmastro et al. 2022; IEA 2019). In European Union, district
heating’s market share is 13% of the total heat demand of buildings (Connolly et al. 2014).
Especially countries located in Northern Europe have high penetration of district heating with mar-
ket shares up to 65% (Kontu et al. 2020; Werner 2017). In Germany, district heating accounts for
about 14% of the total heating market (Moczko 2019). In 2016, around 83% of the district heat was
produced by combined heat and power (CHP) plants, 15% by heat-only boilers (HOB) and 2% by
excess heat from industry in Germany (Popovski et al. 2019). Fuel mix in the German district heat-
ing production relies mainly to natural gas and coal, which account for 46% and 36% of the pro-
duction, respectively. Waste fuels represent 13% and biomass 6% of the fuel mix (Popovski et al.
2019). Decarbonising the district heating sector is essential to meet the ambitious climate goals
in EU.

Emissions can be reduced by deep renovation of the buildings or decarbonising the energy sec-
tor. Using less-emitting sources of heat such as heat pumps, biogas or -mass in the CHP plants and
HOBs, and maximising the waste heat exploitation are some of the main alternatives of the sustain-
able district heating production. Electrifying heating and maximising the renewable utilisation in
the heat production via heat pumps requires flexibility from the energy system as major renewable
electricity sources are intermittent.

Demand side management (DSM) refers to the energy efficiency actions and consumption
profile changes taken in the demand side of the energy supply chain (Eissa 2011). In general,
demand side management includes variety of actions to reduce the energy demand such as energy
efficiency, energy storages and demand response (Peltokorpi et al. 2019). In scientific literature,
demand response (DR) is a subgroup of DSM and it often refers to the changes in consumption
profile (Siano 2014). The purpose of the demand response is to reduce the energy consumption
at peak times and balance the demand profile. Different demand response actions are for example
load shifting, valley filling and peak cutting.

Demand response can increase the flexibility of the energy network. Purpose is to match the
demand to the supply by changing demand pattern, not by increasing supply (Safdar, Hussain,
and Lehtonen 2019). There are two main demand response strategies: incentive- and price-
based. In incentive-based strategies, utility company pays customer incentives to reducing the
supply to the customer when the network load is under threat. Price-based strategies rely on the
dynamic pricing of the energy, which is adjusted higher on peak-times and lower on off-peak
periods. Customers then adjust their demand curve so they can benefit from the lower prices on
off-peak periods (Shan et al. 2016). Thus, in the production side, demand response offers a way
to mitigate the usage of peak power fuels. It enables consumers to act as a prosumers, active oper-
ators in the energy market.

Demand response of electricity networks has been studied widely. DR control is also
implemented in electrical heating and direct electric appliances. Yin et al. studied the flexibility
of electricity of thermostatically controlled HVAC loads in commercial and residential properties
(Yin et al. 2016). Ji, Baldick, and Novoselac (2014) studied the real-time price based dynamic
demand response control of the electrical heating and air conditioning in residential building.
Study conducted by Eseye et al. (2019) studied the building integrated and EV batteries demand
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response potential. Alimohammadisagvand (2016; 2017) and Arabzadeh (2018) studied the thermal
comfort and cost saving of demand response in electrically and heat pump heated house. Further-
more, demand response of electricity loads has been studied by Albadi and El-Saadany (2008) and
Sun, Li, and Dababneh (2016). Price-based demand response of electricity is easy to apply as the
electricity market is open and prices are transparent to everyone.

Similar applications in the district heating are rare and research topic is not as widespread as
electricity demand response. However, demand response control of space heating, ventilation
and domestic hot water have been studied in for example (Cai, You, and Wu 2020; Guelpa and
Verda 2021; Knudsen and Petersen 2017). Moreover, demand response control of space heating
in different building types was studied in Suhonen et al. (2020). Yuan et al. (2021) studied district
heated swimming hall’s demand response potential. Ju et al. (2021a; 2021b) studied the energy and
power flexibilities in district heated buildings. These studies propose that demand response can
enable moderate cost and energy savings for the building owner as well as increase the flexibility
in the district heating network. However, demand response of district heating is not commonly
feasible in current district heating market. There is no incentive for the customer to change the con-
sumption pattern as there are many different energy related saving opportunities for building
owners.

In district heating, demand response is applied by storing heat to the structures of the building,
or to separate thermal storage, when the energy prices are low. Buildings with more thermal mass
are more suitable for the structural thermal storage. Case buildings selected for this study represent
buildings with brick or concrete structures which tend to have more thermal mass than those of
wooden structures for example. To apply the price-based demand response, dynamic pricing of
the heat is required. In district heating market, the dynamic pricing is not utilised as in electricity
market, and it is known as a rigid business which is facing many challenges in the energy market
(Ala-kotila, Vainio, and Heinonen 2020). However, dynamic pricing has been studied in multiple
papers (Dominkovi¢ et al. 2018; Li et al. 2019). Changing pricing mechanisms and transitioning
from traditional customers to prosumers, which gives them opportunity to benefit from changing
their consumption patterns, can be beneficial for both parties. This substantiates the research atten-
tion also in this paper.

Peak power limiting (i.e. demand limiting or peak cutting) is a demand response method where
the power demand is decreased by controlling with an algorithm or setting an upper limit for the
power demand. Ala-kotila, Vainio, and Heinonen (2020) conducted a demand response case study
in district heating network. The study demonstrated the potential of demand response in apartment
buildings by using energy and cost saving, emission reductions, and peak power reduction as indi-
cators. In that case, demand response algorithm was applied for peak shaving by preferring dom-
estic hot water heating over space heating. Peak load was reduced by 14-15%. Moreover, results
indicated 9% annual reduction in normalised energy consumption, energy cost and greenhouse
gas emissions. However, they did not implement strict peak power limits for the heating.

In this study, direct peak power limiting is studied by setting an upper limit for the power
demand. The main objectives of the peak power limiting are reducing the peak power demand
of the buildings and district heating network. The purpose is to obtain cost savings and reduce
CO, emissions by reducing the operation of the peak power plants, which are often based on fossil
fuels burning. According to the best knowledge of the authors, there are no papers which study the
peak power limiting as stated.

The novelty of this study lies in the combination of the building-level simulation and district
heating production optimisation for demand response and peak power limiting analyses. This
enables the study of the effect of the demand response and peak power limiting on the entire district
heating system and the benefits of these for both the producer and the consumer. In this investi-
gation, the effects of price-based demand response and peak power limiting are investigated on
the energy and cost saving potential, and indoor thermal conditions on the building side. Further-
more, cost saving of the heat producer and CO,-emission saving from the production are
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investigated. Specific production scenario is adopted to determine the dynamic hourly price of the
heat which is used for the demand response algorithm. The district heating network consists of cer-
tain amount of three different building types: apartment, cultural centre, and office. The production
scenario includes variety of energy production methods, including biomass CHP, natural gas HOB,
heat pump, solar thermal, and a storage tank.

Materials and methodology
Entire simulation process

The simulation process of this study consists of two main parts — district heating production and
network level calculations and building level simulation. The overall flow chart of the study and
complete simulation process are presented in Figure 1.

The simulation process starts with the building simulations of studied buildings: apartment
building, cultural centre, and office building. Studied case buildings are first simulated without
demand response or peak power limiting. Second, the district heating network is constructed of
the number of case buildings, to match it in one of the actual district heating networks in Hamburg.
Third, the dynamic district heating price is determined based on the annual heat demand of the
whole district heating network with selected production scenario using the heat generation schedule
optimiser (HGSO) production optimisation tool.

After the first cycle, the process is repeated but demand response and peak power limiting are
applied before the building simulations. The building simulations are conducted with indoor air
setpoints defined by control algorithm (see Section 2.4.4) and predefined power limits for space
and ventilation heating. Then the annual hourly district level heat demand defined with new build-
ing specific demands and the optimisation of the heat production is performed.

Building level simulations

The building level simulation process includes the dynamic building simulation and the determi-

nation of the demand response’s control signals and indoor air temperature setpoints by control
algorithm.

B“:‘l‘:)‘:ﬂlg;'"““ DH network establishment Production optimization

(HGSO)

|
|
| e S e T R | [
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Figure 1. Flow chart of the entire simulation process. Modified from Ju et al. (2021).
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Figure 2. Building simulation process flow chart.

Description of simulation process
Building simulation process is presented in Figure 2. Building simulation starts with the defining of
the hourly control signals. The control signals for each hour are defined in the Excel-tool based on
the district heating price by Behrang-Sirén method (Alimohammadisagvand 2018). Then the
indoor air temperature setpoints of space heating are calculated by setpoint control algorithm. Set-
point control algorithm receives control signal, acceptable indoor air temperature ranges, limiting
outdoor temperature, and moving 24-h average of outdoor temperature. Then the setpoint smooth-
ing is applied on the setpoints to avoid the rebound effect as described in Section 2.2.5. Finally, the
dynamic building simulation is performed which outputs the energy consumption and indoor ther-
mal conditions of the building. The output data is fed back to Excel where the results are analysed.
The standard EN 16798 provides input parameters concerning indoor environment (e.g. indoor
air quality and thermal environment) for the design and assessment of energy performance of
buildings (SFS-EN 16798-1, 2019). It was used to define the minimum acceptable indoor air temp-
erature limit used in this study. Standard presents three categories for the indoor climate which
apply for different situations. The minimum temperature limit of 20°C used in this study was cho-
sen based on the category II as it represents the normal level of expectation of indoor climate and
should be used in new buildings and renovations. Maximum temperature limit in heating season
was set based on Suhonen et al. (2020).

Building simulation tool

The dynamic building simulation tool used in this study was IDA Indoor Climate and Energy (IDA
ICE) v. 4.8. IDA ICE is a detailed and dynamic multi-zone simulation software which can be used to
perform simulations of energy consumption, indoor air quality, and thermal comfort in buildings.
The software allows the modelling of buildings with different structural geometries and parameters,
HVAC systems, on-site energy generation, and usage profiles. Furthermore, IDA ICE enables
detailed modelling of different components and control of the technical systems. The software
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has been validated against the EN 15265-2007 and the EN 13791 standards (EQUA 2010; Kropfand
Zweifel 2001). In addition, it has been validated in multiple studies (Achermann and Zweifel 2003;
Bring, Sahlin, and Vuolle 1999; EQUA 2010; Moinard and Guyon 1999) and is widely used in the
research and industry, thus it represents a proper simulation software for this study.

Weather data

Outdoor temperature used in this study is based on the actual measured weather data in Hamburg
in 2018. Weather data includes hourly outdoor temperature, relative humidity and solar irradiation
among other parameters. The measured outdoor temperature of the year is shown in Figure 3. The
minimum and maximum temperatures of the measured time series are —12.9°C and 35°C. The
annual average outdoor temperature is 10.8°C and the according heating degree days at 15.5°C
indoor temperature are 2147°Cd.

The design outdoor air temperature in Hamburg, where the studied district heating network and
case buildings are located, is —12°C. The average outdoor temperature from 2018 is 10.8°C and that
of TRY2015 is 9.7°C. TRY 2015 is based on the measured outdoor temperature between 1995 and
2012 provided by German Meteorological Service which represents the average climate conditions
(Deutschen Wetterdienst 2017b; 2017a).

Case buildings description

In this study, three types of buildings were studied. The building types are apartment building,
office building, and cultural centre. These types of buildings were selected because they exist in
the actual studied district heating network in Hamburg. General building information are shown
in Table 1.

The actual apartment building, that the IDA ICE model of this study is based on, is located in
Hamburg, Germany. Building has been initially built in 1930s and it consist of four floors. The
apartment represents a typical apartment building of era and location. In this study, it was assumed
that the heating and natural ventilation system is in original condition.

40
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Figure 3. Measured outdoor temperature in Hamburg in 2018.
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Table 1. General building information.

General building information Apartment building Cultural centre Office building
Construction year 1930s 1980s 1966
Latest renovation year - 2010s 1980s
Number of floors 4 3 4
Heated net floor area [m?] 4885 3937 2383
Building volume (ext. dimension) [mj] 12000 16314 8556
Envelope area [m?] 4780 6921 3855
Window to envelope ratio [%] 7.6 88 95

The cultural centre is based on the actual building located in Hamburg. Building was originally
built in early 1980s and it has been renovated since. It has four floors including basement. IDA ICE
model was built according to the design documents.

The studied office building consists of four floors and includes spaces such as offices, conference
rooms, and hallways. The building model was originally constructed by Martin (Martin et al. 2017).
Parameters were adjusted so they match those of cultural centre as it better represents the building
stock in Hamburg.

The building models have been constructed to IDA ICE based on the real geometries of the
buildings, but some simplifications were made. For instance, the floors were expected to be identical
and only the top floor was modelled and copied. Building model parameters are shown in Table 2.
The building parameters were selected so they represent the construction and the latest renovation
year of the building.

In apartment building and cultural centre, space heating also heats the natural ventilation supply
air. In cultural centre, the share of space heating power of the total design heating power without
domestic hot water is 61% and ventilation heating power 39%. In the office, building corresponding
values are 39% and 61% respectively.

District heating substation efficiency was set to 0.97. The control curves of the supply water
temperature as function of outdoor temperature are presented in Figure 4. For the apartment build-
ing, the maximum supply water temperature is 80°C and in cultural centre and office building it is
70°C.

Table 3 presents the main input parameters of the ventilation systems of the studied buildings.
Apartment building does not have mechanical ventilation and only utilises natural ventilation. Cul-
tural central has three different ventilation systems depending on the space type: mechanical supply

Table 2. Building model parameters used in the IDA ICE simulations.

Building model parameter Apartment building Cultural centre Office building
U-value External wall 17 0.2 0.2
Roof 14 0.19 0.19
Ground slab 10 0.28 0.28
Window 30 3.0 45
Air leakage rate, nsg [1/h] 7.0 3.0 45
Occupancy Weekly time Continuous Every day Workdays
8 am to 9 pm 8 am to 4 pm
Annual hours [h] 8760 4498 2000
Annual internal heat gains of equipment 1 9 2
[kWh/m%al
Annual internal heat gains of lighting 16 17 1
[kWh/m%al
Design power of space heating and 225 304 292

ventilation heating at design
temperature [kW] (Without internal
and solar heat gains)
Specific heating power of space heating 46 77 123
and ventilation at design temperature
W/m?]
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Figure 4. Heating inlet water temperatures used in the building simulations.

and exhaust, mechanical exhaust, and natural ventilation. Office building is equipped with mech-
anical supply and exhaust ventilation. None of the buildings is equipped with heat recovery. The
mechanical ventilation systems were turned on 2 h before the expected occupied time and off 2
h after the occupancy ends. The air change rate of the natural ventilation was set based on Mikola
(2017). Mechanical ventilation airflow rates were set based on REHVA’s health-based ventilation
guideline (2012) for Europe (Seppdnen et al. 2012). Duct pressure losses and fan efficiencies
were chosen based on the standard EN 13779 (SFS EN 13779, 2007). Duct pressure losses were
set to ‘high’ and fan efficiencies to ‘low’ according to the standard as the systems are expected to
be old.
More detailed case building descriptions are presented in Suhonen et al. (2020).

Demand response control and peak power limiting

In this study, rule-based demand response control is used. Control is based on the future hourly
energy price, and it was assumed that future 24-h energy price is known. Demand response control
consists of two main parts: control signal and control algorithm. In addition, there is third optional

Table 3. Ventilation systems' input parameters.

Air change
Building type Ventilation system rate Operation time
Apartment Natural ventilation 0.24 1/h Always on
building
Cultural centre  Mechanical supply and exhaust ventilation (CAV) without heat 1.7-2361/s, 8 am-10 pm
recovery for kitchen, restaurant, basement, and hall m2 7 am-10 pm
(Basement)
Mechanical exhaust ventilation (CAV) for toilets 25-451s, Always on
m2
Natural ventilation for other spaces 0.2-0.43 I/s,  Always on
m2
Office building  Mechanical supply and exhaust ventilation (CAV) without heat 211/s,m2 6 am-6 pm for

recovery workdays
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part, setpoint smoothing, which was also implemented in this study. Moreover, peak power limiting
is applied to the space and ventilation heating along with the demand response in three different
magnitudes: 80%, 70%, and 60%, where the percentage states the available heating power with
respect to the realised peak power of the reference case.

Control signal. Control signal calculation is based on the Behrang-Sirén method (Alimochammadi-
sagvand 2018) which is a moving average method. This particular control signal method has been
developed by Alimohammadisagvand et al. (Martin et al. 2017; Muller 2018; Vand 2020) and has
been used in multiple studies. Control signal gets a value based on the future 24-h price trend of
the energy. Price trend is either increasing, decreasing, or flat, and the control signal gets a value
of +1, —1, or 0, respectively.

Control signal is based on the hourly energy price (HEP), moving average energy price from
hour +p to + q (HEP4£ ™), and marginal value. Pseudo code of the control signal is presented in

Equation (1)
HEP < HEP}}"* — marginal value
IF OR THEN CS = +1
HEP{$+'* > HEP} %" + marginal value

1
ELSE IF HEP > HEP}»** THEN CS = —1
ELSECS =0
END IF

where (HEP) is the hourly energy price and (HEP,2 %) moving average of hourly energy price from
hour + p to hour + g, and (CS) is the control signal.

Marginal value defines how sensitive the control signal is to the changes of the energy price.
Lower marginal value makes the control signal more sensitive to the changes in price and higher
marginal value less sensitive. Higher marginal value results in less positive control signal value,
thus less potential heat loading hours and more heating energy savings. This was also one of the
results in Ju et al. (2021a) and Suhonen et al. (2020). Marginal value used in this study is 75
€/MWh which was the higher value of two used in Suhonen et al. (2020). Hourly energy prices
fed into the control signal calculation in Excel resulted from the production side optimisation
(see Section 2.3).

Setpoint control algorithm. Figure 5 presents the control algorithm. Control algorithm was adapted
from Martin et al. (2017) and was also implemented in Ju et al. (2021a) and Suhonen et al. (2020).
Control algorithm determines the hourly space heating setpoints Ty ¢ based on the control signal.
Tst1,min and Tspmax represent the minimum and maximum space heating setpoints which were set
to 20°C and 23°C in this study respectively. Tayrz40u is the moving 24-h outdoor temperature.
Moreover, Tim,ou is the limiting outdoor temperature which avoids using of maximum setpoint
of space heating when the T.y:240ut is higher than Tiim out. Tiim,out Was set to 0°C based on Martin
et al. (2017).

Control algorithm sets the space heating setpoint Tssset t0 Tspmax if the price trend is increasing
and control signal is +1, and T,yr 240ut < Tlimeut- In the other hand, if the price trend is decreasing
and control signal is —1, control algorithm sets the setpoint to Tsgymin. Furthermore, if the price
trend is flattening out on control signal is 0, setpoint is set to Tsmnorm.

Indoor air temperature setpoint smoothing is applied as presented in Suhonen et al. (2020). Set-
point smoothing adjusts the setpoint evenly and prevents the rebound effect of the demand
response which could occur if it was adjusted from minimum to maximum at one time. Setpoint
smoothing applies only upwards.
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Figure 5. Indoor air temperature setpoint control algorithm flow chart.

Peak power limiting. In this study, peak power limiting is applied to the space and ventilation
heating. Power is limited directly at the substation of the radiator and air handling unit heating
network. Domestic hot water’s power demand is not limited as its availability was desired to be
secured in all conditions. Limiting peak power affects the inlet water of the heating water at
colder conditions. Thus peak power limiting can have negative impact to the thermal comfort
of the occupants. One of the objectives is to study the effect of the power limiting to the indoor
air temperatures.

The peak power limiting cases studied were with 80%, 70% and 60% limits according to the
realised space and ventilation heating peak power in the reference cases. This means that in the par-
ticular case, the peak power delivered to the building was reduced to 80%, 70% or 60% respectively,
compared to the realised peak power without limiting in the reference case simulation. The simu-
lation cases are described closely in Section 3.1.

District heating production and network level simulations

Description of simulation process

District heating production and network level simulations are performed based on the
hourly building heat demand profiles of the year with specific district heating production
scenario.

The district heating network level simulation and calculation process is presented in Figure 1.
First, number of each building type is determined according to the actual heat demand in the
one of the district heating networks in Hamburg. The simulated buildings were proportioned to
match the actual heating demand of the studied district heating network. Total hourly district heat-
ing demand in the simulated network is then determined according to the number of the buildings
(see Section 2.3.4).

After the district heating network establishment was done the production cost of the district
heating was determined by using the HGSO optimisation tool. The dynamic district heating con-
sumer price profile was then determined based on the production cost. The result from the optim-
isation is the most economical heat generation schedule for district heating production of the
modelled plant combination.

The output of the optimisation tool consists of hourly data of total production cost, costs of heat
and electricity, CO, emissions per plant, CO, emissions costs, generated heat per plant, storage
usage, plant fuel consumption, and revenues.
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Simulation tool

The district heating production scenario optimisation was executed by using the HGSO optimis-
ation tool. The optimisation tool HGSO is based on the study by Tillman (2017). The optimisation
model is a mixed-integer linear program (MILP), which was applied for energy plants generation
scheduling (Christidis 2019). The objective of the optimisation tool is to find the most economical
running schedule for the production units of the heating network. The constraints of the optimis-
ation include technical and economical parameters. The tool has adopted the open-source solver for
solving optimisation problem (Forrest and Lougee-Heimer 2005).

The HGSO validated using the reference data from the optimisation tool BoFiT. BoFiT is a com-
mercial optimisation platform developed by ProCom GmbH which is used for smart grid energy
and operation optimisation (Lu and Shumei 2018; ProCom GmbH 2021; Vogt et al, 2018).
BoFit converts the studied plant into an MILP model which is widely used in district heating
grid optimisation (Merkert, Haime, and Hohmann 2019). The tool has been validated in several
studies (Henrikkson 2018; ProCom GmbH 2020). The validation of the HGSO is presented in
study by Ju et al. (2021).

Production scenario

In the study, the district heating production was simulated with specific generation combination.
The demand response control utilised in this study reacts to the fluctuation of the district heating
price. Thus more fluctuating cost profile results in higher impact on the demand response. The
selection of the production scenario was based on the level of fluctuation of the cost profile of differ-
ent production scenarios.

Table 4 shows the specifications of the production scenario. The district heating production was
based on biogas fuelled combined heat and power (CHP) plant, natural gas heat only boiler (HOB),
heat pump, and solar thermal power. Additionally, there is a thermal storage coupled with the net-
work, which all generation units are capable to charge. The total heating power is 5.59 MW.

The heat and electricity generation power of the CHP plant and gas boiler are based on the spe-
cifications of the actual district heating network of Hamburg. Heat pump and solar thermal plant
were chosen for the additional heat capacity for this study to increase the share of the renewable
production in the scenario. The capacity was chosen so the maximum heat demand was covered.
The capacity of the heat pump is based on heat pump models in the market and the COP is 4.0
in all conditions. The variation of COP value depending on the supply water temperature was neg-
lected to simplify the model. Moreover, the energy source of heat pump is not specified as it does
not affect the operation order of the production plants in this study. The production power of the
solar thermal plant is based on a measured time series of solar heat generation of the local solar
thermal unit. Thermal storage is operated daily and is not used for seasonal heat storing,

Heat demand of the network must be covered by the production scenario for every hour of the
year. The generation schedule was optimised with the HGSO tool that utilised electricity price, heat
load and costs of different energy sources. HGSO calculated the most cost-effective way of produ-
cing heat with the specified production combination for each hour. The tool only considered the
heat demand, and the supply water temperature was neglected. It was assumed that each generation
unit could provide the maximum supply water temperature of 90°C.

Table 4. Generation units and their powers in the used production scenario.

Generation unit Heat power [MW] Electricity power [MW] Heat storage capacity [MWh]
CHP +0.737 +0527

Gas boiler 1 +1.950 -

Gas boiler 2 +1.100 - -

Heat pump +1.320 =0.330 -

Solar thermal plant (ST) +0.483 - -

Thermal storage - - 1.40

Total 5.590
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The solar thermal plant and the thermal storage are utilised first in the district heat production. If
those are insufficient to cover the network demand the second production unit is selected. There
was a constrain that storage must be 50% full by the end of the each 24 h period.

The selection is based on the production cost, i.e. electricity and fuel costs. If the profit from the
heat pump is higher than that of the CHP plant, i.e. the electricity price is low, the heat pump is
utilised first. The boiler is never selected in the first selection step, as the production cost of
CHP or heat pump is always lower than that of heat only boiler.

If the first generator selected is insufficient to cover the remaining heat demand the other of the
first two option (i.e. CHP or heat pump) or heat only boilers is selected. If the electricity price is
high, and the CHP was selected in the first step, the heat boilers are selected before heat pump.
If the electricity price is low enough, the heat pump is selected. Finally, if the production is still
short from the total heat demand, the remaining heat demand is covered by storage or the remain-
ing production unit. The operation schedule is illustrated more closely by flowchart in Ju et al.
(2021).

Based on the optimised combination, a specific hourly dynamic price was obtained. Price was
used to calculate the total district heating energy cost for buildings, and input to the demand
response control signal determination for building simulations. Moreover, CO, emissions from
the optimised production combination were also calculated which represents another factor eval-
uated in this study.

District heating network

Temperatures of the district heating network are important parameters in calculating the required
heating water volume flow rate. The supply temperature is controlled based on the outdoor temp-
erature and varies in between 90°C and 75°C. The return temperature is affected by the heat
demand in the network. Thus return temperature varies from 50°C to 35°C based on the outdoor
temperature. Control curve of the supply water temperature and level of the optimal return water
temperature are shown in Figure 6. Figure illustrates that temperature difference reduces during the
midseason but is almost constant at 40°C throughout the year. Thus 40°C (AT) is utilised in this
study.

The actual energy consumption data utilised in this study was gathered from 2017 to 2018.
The average annual heat demand for actual apartment buildings, cultural centres, and office
buildings are 3444, 721 and 3735 MWh respectively which totals 7900 MWh for the whole
DH network. Simulated annual DH energy demands for single buildings were 480.2, 457 and
280.1 MWh respectively. Based on these, 7 apartment buildings, 2 cultural centres and 13
office buildings were used in this study, to match the simulated network closely to the actual
heating consumption of the buildings. The total DH energy demand of the simulated network
is 7916.7 MWh, and deviation of the simulated network’s heat demand from that of the actual
network is 0.21%.

District heating base and energy costs
Base cost. The price structure of the district heating used in this study is the actual price structure
of the district heating in Hamburg. The price structure consists of a construction fee, an annual
base fee and energy costs. The price structure is presented in Table 5. The construction fee is a
one-time payment when a building is connected to the district heating network and is based on
the design water volume flow rate. The construction fee is neglected in this study as the buildings
are existing buildings. The annual base fee is based on the maximum water volume flow rate, and
it includes taxes and emission costs. The energy cost is based on the energy consumption of the
building. The energy price is the dynamic district heating price generated by the production
optimisation.

The maximum water volume flow rate for the base fee calculation is derived from the actual
realised peak power of the simulated building, including domestic hot water heating. The maximum
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Figure 6. District heating supply temperature and the optimal maximum return temperature of the district heating network of
Hamburg.

Table 5. Price structure of the distritct heat.

Cost type Based on Price
Construction fee Design heating water volume flow rate [dm?/h] 298 [€/(dm’/h)]

Base fee Maximum heating water volume flow rate [dm?/h] 8.34 [€/(dm’/h)]

Energy cost Heating energy consumption [kWh] Dynamic DH price signal

flow rate is calculated by Equation (2)

j = o @
1= cpkp*AT

3
where (g) is the volumetric flow rate I:mT:I, (Pyay) is the maximum heating power [kW], (c,) is the

3

specific heat of water I:kk_]K]’ (p) is the density of water [k_g]’ and (AT) is the temperature differ-
gk m

ence of the district heating supply and return water [K].
The maximum realised heating power (P,x) is obtained from the building simulation. The
temperature difference (AT) used in the calculation is 40 K as shown in Figure 6.

Dynamic DH price

Dynamic district heating cost is defined based on the operation schedule of the generation unit for
each hour. Consumer district heating price is then defined based on the hourly production cost of
the district heat and the real consumer district heating price.

The total production cost was calculated as shown in Equation (3)

Cpma'_ = Cexp. — Ry, (3)
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where C o4, is the district heating production cost, €; Ceyy. is the total expenses of the production
(fuels and electricity), €; and R, is the revenue from selling the electricity produced by CHP unit, €.
Total expenses, Ceyp., are calculated as presented in Equation (4)

Cexp. = dfue!' . Pfue!' + de!'. * Pel. (4)

where d . is the fuel demand for generation, MWh; p, is the price of the fuels, €/MWh; d,;. is the
consumed grid electricity, MWh; and p,; is the grid electricity price, €/ MWh. The CHP unit is
fuelled by biogas and the German government pays subsidies for that. The DH company receives
a bonus for using the biogas. Thus the production cost can be negative if the revenue from the elec-
tricity sales and the bonuses is higher than the fuel and grid electricity costs.

The fuels demand is calculated as presented in Equation (5)

£ 0=22 )

where d';u () is the fuel demand for each production unit per hour, MWh; g8(t) is the generated
heat of each unit per hour, MWh; and 7® is the efficiency of each unit.
The CO; emissions from the production are calculated based on the used fuel as in Equation (6)

mgcnz () = dfrud(f) : ngm! (6)
where m®., is the amount of CO, emissions per hour, t (tonne); and &t . 18 the specific emission of
the fuels used by each generation unit, t/MWh. For biogas, used in CHP, specific emission was set to
0 t/MWHh. Specific emission for the natural gas used in boilers was set to 0.182 t/MWh based on the
German law (BMU 2020). Electricity used by the heat pumps was assumed to be certified renewable
electricity, and the specific emission was set to 0 t/MWh, thus electricity consumption did not pro-
duce CO,-emissions.

The revenue from the government bonus for feeding the renewable electricity to the grid is cal-
culated as in Equation (7)

Re!.(f) = ge!_(f) . [Pe!.(f) + Pbonus — Pavr.e!_] (7)

where R, (t) is the revenue per hour for selling electricity including the government subsidy, €;
£1.(t) is the CHP electricity generation per hour, MWh; p, (t) is the current electricity market
price, €/MWHh; pp,ps is the subsidy from selling renewable electricity, €; and p,,, ;. is the average
electricity price of the previous month, €/MWh.

The district heating production cost is minimised by the HGSO tool. The hourly heat demand of
the studied community and revenue from sold electricity was input to the tool. The tool optimises
the production cost for 24 h at a time by calculating hourly production cost and summing them as
in Equation (8)

24
min Cp, 4 = min Y | Y C&, (1) —Re;_(r)] ®)
t=1 (={e

where C, »4; is the production cost of particular 24 h, €; G is the used set of generation units; and
C‘Sxp_(t) is the expense for each generation unit per hour, €; and R, (#) is the revenue per hour from
selling the CHP electricity production including the government subsidy, €.

Then the HGSO calculated the specific production cost per hour according to the optimised pro-
duction cost of the 24 h. The hourly production cost is calculated as in Equation (9)

C prod. (f)
Q)

Pprod_(f) = (9)
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where pyr4.(t) is the hourly specific production cost, €/MWh; C ,o4.(#) is the total production cost
per hour, €; and Q(t) is the hourly district heating demand of the community, MWh.

Heat demand was covered every hour by the combination of the generation units, solar thermal
energy, and the thermal storage as shown in Equation (10)

Q) =Y g5(t) + Gutorage(t) + qs1(t) (10)

2EG

where g#(t) is the generated heat by each unit per hour, MWh; Ggsorage(#) is the charged or discharged
heat to/from the storage, MWh; and gsr(t) is the heat production of the solar thermal unit per hour,
MWh.

The thermal storage is charged or discharged every hour. It can only be charged or discharged at
the same hour. The heat from storage to use or from production to storage is calculated as in
Equation (11)

Qdmr;g@(f)

storage

(11)

storage(f) = qdixhal’;g@(t) " Nstorage +

where Gischarge(t) is the discharge from the storage per hour, MWh; guiarg(t) is the charged heat into
the storage per hour, MWh; and 17, is the charge or discharge efficiency. When storage is dis-
charging gcparge is 0 and vice versa.

The output of the optimisation is the production costs for every hour of the year. To transfer
these into dynamic consumer prices, they were normalised to fit the real consumer price which
is 91.2 €/MWh (preq).

The total range of specific production costs (R) is defined by Equation (12)

R= |m1"(Pprod)| + |max(Pproa')| (12)

where ), which is used to calculate the specific normalised consumer price, is calculated by Equation

(13)

_ Praa
F=£2 (13)

where F is the price normalisation factor; and p,,,; is the real DH price, €/ MWh.
Specific normalised consumer price (ppy) at hour ¢ is then calculated by Equation (14)

3028 Pprod.(D)
8760

pou(t) = F*|:Ppmd_(f) + ] + Preal (14)

where ppy(t) is the DH consumer price at hour t, €/MWh.
Table 6 presents the dynamic DH price used in this study.

Table 6. Main parameters of the dynamic DH consumer price of the studied production scenario.

Minimum Maximum Average Standard deviation
(€/MWh) (E/MWHh) (E/MWHh) (E/MWh)
Dynamic DH price of the production 86 99.9 91.2 52

scenario
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Results
Simulation cases

Building simulations consist of five different cases for each building type, thus total of 15 different
cases. Simulations cases are presented in Table 7. Cases are identical in terms of the input settings
for each building type. Each has one reference case which was simulated without demand response
control and peak power limiting. In addition, one case was simulated with demand response control
without peak power limiting. Last three were simulated with demand response and peak power lim-
iting of 80%, 70% and 60% respectively. Percentage describes the level of available heating power
whereas 100% would be unlimited and realised power from the reference case.

In addition to the building simulations, the district heating network level results were investi-
gated. In network level simulations, the effect of the peak power limiting was compared to the util-
isation of demand response only. The network level simulation combinations are shown in Table 8.
The peak power limiting magnitude was chosen for each building type based on the building simu-
lations, so the DH cost saving is the highest while maintaining acceptable indoor thermal
environment.

Building simulation results

The effect of demand response and peak power limiting to the building’s heating power and
energy demand

In this section, the effect of the demand response and peak power limiting to the total annual district
heating energy demand and peak power are presented.

Figures 9-11 illustrate the power duration curves of the space and ventilation air heating of the
occupied hours. Domestic hot water is not included in the graphs as only the effect of studied
measures, demand response and peak power limiting, is presented.

Tables 12-14 present the peak power of space and ventilation heating, the total district heating
peak power and total district heating energy consumption. The demand response and peak power
limiting affect the space heating and ventilation air heating only. The total district heating peak
power varies of the set peak limit as it includes the domestic hot water. Moreover, the set peak
limit is based on the realised peak power of the reference cases. The district heating costs are deter-
mined by the total peak power and total energy demand thus those are presented separately along
with the peak power limit setting.

Table 7. Building simulation cases.

Simulation cases Input settings
Case Description Demand response Peak power limiting
Building type-R-21 Reference case, without DR and PPL No No
Building type-DR With DR Yes No
Building type-DR-PPL80 With DR and 80% peak power limiting Yes Yes, 80%
Building type-DR-PPL70 With DR and 70% peak power limiting Yes Yes, 70%
Building type-DR-PPL60 With DR and 60% peak power limiting Yes Yes, 60%

Table 8. District heating network level simulation combinations. Quantity of each building type, demand response and peak
power limiting setup.

Simulation cases Input for buildings
Apartment Cultural centre Office
Case Description Q. DR PPL Quy. DR PPL Qty. DR PPL
Reference No demand response or peak power limiting 7 No No 2 No No 13  No No
DR Only demand response 7 Yes No 2  Yes No 13 Yes No
DR and PPL  Demand response and peak power limiting 7 Yes 80% 2 Yes 70% 13  Yes 70%
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Figure 7. Duration curves of the space heating power in apartment building cases in the heating season.

Apartment building. The annual space heating power, which includes the natural ventilation’s
supply air heating, of each case is shown in Figure 7. It presents the duration curve of the space
heating power of the heating season and shows the effect of the demand response and peak
power limiting to the space heating power.

Peak power limiting is effective more in the apartment than in the other building types as the apart-
ment building is expected to be occupied every hour of the year in the simulations. Thus also night-
time hours are accounted when it is usually colder, and peak power limit comes effective more.

Daily space heating curves of one of the coldest days of apartment building simulations are
shown in Figure 8.
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Figure 8. Hourly space heating demand in apartment building on one of the coldest days of the simulation year.
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Table 9. Annual power and energy results of the apartment building cases. Power limit time indicates the occupied hours that
the peak limit takes place, and the time percentage indicates the share of the occupied hours.

Power limit of space

heating Total DH peak power The total DH energy consumption
Simulation case Peak [kW] t[h] % Peak [kW] AkW A% Energy [MWh/a] AMWh A%
AB-R-21 203 480.2
AB-DR - - - 194 -84 =4.1 466.8 =132 -28
AB-DR-PPL80 145 119 1.4 169 —334 =165 465.8 =142 =30
AB-DR-PPL70 127 268 3.1 151 =514 =253 463.6 =164 =34
AB-DR-PPL60 109 727 8.3 134 —69.3 —34.2 458.4 =216 —45

Figure 8 illustrates that peak power limiting is more effective and generates more additional DH
energy savings in the apartment building, which is continuously used and where there is no mech-
anical ventilation which would be operated based on a schedule. Building is expected to be occupied
in the nighttime also and natural ventilation is expected to operate with same air flow rate
continuously.

The peak power limit, time peak power limiting is effective, total district heating peak power and
energy demand including domestic hot water heating of the simulated apartment building cases are
shown in Table 9.

Demand response has the lowest effect to the total district heating energy consumption in the
apartment among the studied buildings. This is mainly due to the stable power demand of the
building as the building is in constant use and is not equipped with mechanical ventilation,
which would make the ventilation heating demand more variable.

Table 9 shows that the time that the heat demand is high enough for the peak power limiting to
become effective is minor. The results shows that the required peak power reserve is high compared
to the actual required peak power and the time maximum power output is utilised. Peak power lim-
iting of 60% reduces the total district heating peak power up to 34.2% whilst total DH energy
demand decreases 4.5%.

Table 9 reveals that when applying the peak power limit of 80% in addition to the demand
response, the total DH peak power decreases about fourfold more. However, the total DH energy
demand decreases only 0.2% more. This indicates that peaks are short in terms of time, and the peak
power limiting of 80% does not generate much more energy savings. Further appliance of peak
power limiting, to 70% and 60%, does not increase the total DH energy demand in contrast to
the peak power limit. The maximum simulated peak power limit results in more than eightfold
decrease in total DH peak power compared to the demand response control. However, the total
DH energy saving is less than doubled. Peak power limiting does not increase the annual total
DH energy saving significantly in addition to that of demand response. This is due to the limited
and short periods of time that the peak power limiting takes place.

Cultural centre. Figure 9 illustrates the duration curves space and ventilation heating power in the
cultural centre simulations of the occupied hours in the heating season. It presents the effects of the
demand response and peak power limiting to the heating power in the occupied time of the heating
season.

The peak power limit effect is not as clear as in apartment building cases. This is due to the less
occupied hours, as the cultural centre is not occupied during the nights when the lowest outdoor
temperatures time of the day occur. Thus limit is not effective as many hours as in apartment
building.

Figure 10 presents the space and ventilation heating power of one of the coldest days of the cul-
tural centre simulations.

Figure 10 illustrates that the peak power limiting is not as effective as in apartment building as
mechanical ventilation is not operated continuously at the same air flow rate. Moreover, heating
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Figure 9. Duration curves of the space and ventilation heating power of occupied hours in the cultural centre case in the heating
season.

power curves show that there is a rebound effect in the peak power limiting cases in the nighttime,
when the main AHU is shut down, and more power is utilised by the space heating to maintain the
indoor air temperature at setpoint.

Table 10 presents the annual peak power limit, effective time of the limit, total DH peak power
and total DH energy consumption of the cultural centre cases.

Table 10 shows that the peak power limiting does not affect the cultural centres power demand as
much as that of apartment building. The peak power limiting cases with limit of 80%, 70%, and 60%
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Figure 10. Hourly space and ventilation heating demand in cultural centre on one of the coldest days of the simulation year.
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Table 10. Annual power and energy results of the cultural centre cases. Power limit time indicates the occupied hours that the
peak limit takes place, and the time percentage indicates the share of the occupied hours.

Power limit of space and

ventilation heating Total DH peak power The total DH energy consumption
Simulation case Peak [kW] t[h] % Peak [kW] AkW A% Energy [MWh/a] AMWh A%
CCR-21 269 457.0
CC-DR - 262 —6.7 =25 438.9 =181 =40
CC-DR-PPL8O 210 21 0.2 232 =370 -138 438.6 -184 =40
CC-DR-PPL70 184 65 0.7 210 =592 =22 438.4 =186 =4.1
CC-DR-PPL60 159 238 27 196 -733 =273 437.2 -19.8 —-43

of the reference case peak power effect 0.2%, 0.7%, and 2.7% of the annual occupied hours
respectively.

Demand response has less effect on the total DH peak power than in the apartment building case.
However, demand response provides more savings in the total DH energy demand than in apart-
ment case. This is due to the more intermittent use of the cultural centre. The changes in internal
gains and scheduled operation of the ventilation create more potential time for the demand
response to generate the savings. Thus demand response has more effective hours than in the apart-
ment building. However, the demand response in the nighttime does not affect the actual peak
power, as the ventilation is not operating,

The results indicate that the peak power limiting has less effect to the total DH peak power than
in apartment building. Ventilation is not operated during the night, when the outdoor temperature
is coldest. Shutting down the ventilation system for the night reduces the power demand when it
would be the highest, thus the potential peak shaving time of power limiting is reduced.

Office building. Figure 11 illustrates the effect of the demand response and peak power limiting to
the space and ventilation heating power in the office building during the occupied time of the heat-
ing season.
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Figure 11. Duration curves of the space and ventilation heating power of occupied hours in the office building cases in the heat-
ing season.
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Table 11. Annual power and energy results of the office building cases. Power limit time indicates the occupied hours that the
peak limit takes place, and the time percentage indicates the share of the occupied hours.

Power limit of space and

ventilation heating Total DH peak power The total DH energy consumption
Simulation case Peak [kW] t [h] % Peak [kW] A kw A % Energy [MWh/a] A MWh A %
0B-R-21 277 280.1
0B-DR - 272 =51 =18 266.9 =13.2 —-47
OB-DR-PPL80 223 12 0.1 231 —46.1 -16.6 267.0 =13.1 —-47
OB-DR-PPL70 195 37 0.4 204 =734 —26.5 267.2 =129 —46
0B-DR-PPL60 166 105 1.2 206 —70.6 =255 267.2 -12.9 —46

In the office building simulations, the peak power effective time is less than in the cultural centre
simulations due to the less occupied hours.

Table 11 presents the annual peak power limits, time that peak power limit is effective, total DH
power, and total district heating energy demand of the office building simulations.

In the office building cases, the demand response decreases the total DH peak power by 1.9%
which less than in cultural centre case. Applying the peak power limiting decreases the peak
power up to 13-fold compared to the demand response only. However, the energy consumption
is not further decreased by the peak power limiting compared to the demand response. Office build-
ing is not occupied, and the ventilation is not operated during the nights and the weekends which
decreases the effect of the peak power limiting. Moreover, there are no internal heat gains during
the weekends thus the space heating consumption is higher during that time.

Office building has a total of 2000 occupied hours annually. Peak power limits of 80%, 70%, and
60% resulted in affecting 0.1%, 0.4%, and 1.2% of occupied hours respectively. The peak power lim-
iting of 70% and 60% slightly decreases the annual total DH energy saving in contrast to the demand
response case (OB-DR). This is due to the rebound effect that occur when the ventilation system is
turned off after the office hours.

Figure 12 and Figure 13 illustrate the rebound effect which are based on one of the coldest days
of the year. Figure 12 presents the hourly space and ventilation heating power of the office building
cases. Figure 13 presents the indoor air temperatures of the coldest room in the office building cases.
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Figure 12. Hourly space and ventilation heating demand in office building on one of the coldest days of the simulation
year.
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Figure 13. Hourly indoor air temperature in office building simulation in one of the coldest days of the year.

Peak power limiting affects the space and ventilation heating. When the ventilation heating
power drops, the space heating has more power reserve to utilise, and it starts to compensate if
the indoor air temperature is below the setpoint. This offsets the saving generated during the
day when peak power limiting is effective. Figure 12 shows that after 6 pm when the ventilation
system is shut down, the space heating power is highest in the OB-DR-PPL70 and OB-DR-
PPL60. However, in OB-DR and OB-DR-PPL80 the heating powers do not have significant differ-
ence between each other even though the heating power in those is a little higher than that of in OB-
R-21. This is due to the lower indoor air temperature in the OB-DR-PPL70 and OB-DR-PPL60
cases as shown in Figure 13, and space heating power increases to room temperature to achieve
the setpoint. Figure 13 shows that in OB-DR and OB-DR-PPL80 the indoor air temperature
does not decrease below the setpoint significantly during the day and space heating has less to
compensate thus there is less power rebound.

Comparing Figure 10 and Figure 12, heating power curves show that rebound effect is not as
notable in cultural centre as in office building. The share of ventilation heating power of the
total is higher office building thus operation changes of the AHUs have higher impact. Moreover,
the internal gains and occupant density are higher in cultural centre than in office building and
indoor air temperature does not decrease as much during the day.

Monetary savings in district heating by demand response and peak power limiting
Apartment building. Table 12 presents the annual DH cost results of the apartment building
simulations. The energy and base cost savings are directly proportional to the total DH energy

Table 12. Annual district heating energy, base and total DH cost savings in apartment building cases.

Energy cost Base cost Total cost
Simulation case Cost [€/a] A€fa A%/a Cost [€/a] AEfa A%/a Total [€/a] A€fa A%/a
AB-R-21 44 115 30 547 74 662
AB-DR 42 858 —-1257 -2.8 29 280 —-1267 —4.1 72138 —2524 -34
AB-DR-PPL80 42 768 —1347 -3.1 25514 -5033 -16.5 68 282 —-6380 -85
AB-DR-PPL70 42 559 —-1556 -3.5 22 807 —7740 -253 65 365 —929% -125

AB-DR-PPL60 42 076 =2039 -4.6 20130 =10417 =341 62 179 =12 456 =16.7
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Table 13. Annual district heating energy, base and total DH cost savings in cultural centre cases.

Energy cost Base cost Total cost
Simulation case Cost [€/a] A€fa A%/a Cost [€/a] AEfa A%/a Total [€/a] A€fa A%/a
CC-R-21 42 087 40 501 82 588
CC-DR 40 371 -1716 —-4.1 39 489 -1012 -25 79 860 —-2728 -33
CC-DR-PPL80O 40 340 —-1747 —4.2 34 924 -5577 -138 75 264 —-7324 -89
CC-DR-PPL70 40 319 —-1768 —4.2 31583 -8918 -220 71 902 -10 686 -129
CC-DR-PPL60 40 207 —1880 —-4.5 29 462 -11039 -273 69 668 -12 920 -15.6

and power reduction achieved by demand response and peak power limiting. In apartment build-
ing cases, peak power limiting represents higher share of the saving in each case. Demand
response provides 2.8% saving in energy cost and 4.1% saving in base cost, which account for
34% saving in total DH cost. Demand response and peak power limiting of 60% generate up
to 34.1% saving in the DH base cost but the DH energy cost saving is 4.6%. Total DH cost saving
is 16.7% which is about eightfold compared to that of demand response case. The energy cost
saving does not increase as significantly due to the peak power limiting’s finite effect on the
energy consumption decrease.

In peak power limiting cases, the base cost saving clearly presents the higher share of the total
achieved saving. The additional energy cost saving compared to the demand response case (AB-DR)
is limited as the peak power hours are minor.

Cultural centre. Table 13 presents the DH cost results of the cultural centre simulations. Demand
response case (CC-DR) achieved total DH cost saving of 3.3% of which the energy cost saving rep-
resents 4.1% and base cost saving 2.5%. Peak power limiting increases the energy cost saving from
0.1 to 0.4%-p, and base cost saving from 11.3 to 24.8%-p.

In cultural centre cases, the additional DH energy cost saving of the peak power limiting is less
than in apartment building simulations. Apartment buildings are expected to be operated similarly
through the year, also in the winter nights when the space heating demand is highest and power
limiting has more effect. Cultural centre is not occupied in the nighttime and air handling units
are not operated thus the energy saving benefit from the peak power limiting is less when the poten-
tial is highest. Moreover, the rebound effect generated by the peak power limiting also slightly
decreases the potential saving achieved by the power limit as described earlier.

Total cost saving of the peak power limiting cases range from 8.9% to 15.6%. Additional saving
to demand response case is mostly due to the base cost reduction. The occupation time of the build-
ing affects the effect of the peak power limiting and amount of the energy cost saving.

Office building. Table 14 presents the DH cost results in office building simulations. Demand
response case (OB-DR) resulted in 2.8% total DH cost saving. DH energy cost saving was 4.8%
and base cost saving 1.6%. The energy cost saving in the case OB-DR is the highest among the
three building types. This results from the lack of occupation and ventilation heating in the week-
ends. As the demand response affects the space heating only, the relative savings are higher when
the ventilation operation time is reduced.

Table 14. Annual district heating energy, base and total DH cost savings in office building cases.

Energy cost Base cost Total cost
Simulation case Cost [€/a] A €/a A% Cost [€/a] A €/a A % Total [€/a] A €/a A %
0B-R-21 25937 41 596 67 533
OB-DR 24 686 —1251 —438 40 934 —662 -16 65 620 -1913 —-28
OB-DR-PPL80 24 692 —1245 —438 34 764 —6832 —-164 59 457 —8076 —-120
OB-DR-PPL70 24708 -1229 —47 30 656 —-10940 —-263 55 364 -12 169 —-18.0

OB-DR-PPL60 247 =1226 —-47 31075 =10521 =253 55 786 =11 747 =174
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Case OB-DR-PPL80 resulted in 12% total DH cost saving of which energy cost represents 4.8%
and base cost 16.4%. Applying more peak power limiting (70% & 60%) the energy cost saving
decreases a little more. This is due to the more intermittent usage of the office building and its ven-
tilation system than the other two building types. Rebound effect caused by shutting down of the
ventilation system affects the saving of the peak power limiting in contrast to the demand response
only. Office building is not occupied during the weekends and the ventilation is not operating thus
the effect of the peak power limiting is less.

Overall, demand response has more effect on the energy cost in the cultural centre and office
building due to the intermittent use. In the office building, the ventilation is not operated during
the weekends thus the demand response has higher relative change on the total heating demand
and cost. The peak power limiting has the highest effect on the apartment building total energy
cost due to the constant use of the building. Moreover, in the apartment building, demand response
has highest base cost reduction as the demand response has more relative effect on the power
demand due to the lack of separate ventilation heating.

The effect of the demand response and peak power limiting to the indoor air temperature
Maintaining acceptable indoor climate is the first priority when demand response actions are
applied. In this section, the effective time of the peak power limiting of the annual occupied
hours, and the demand response’ and peak power limiting’s effect on the indoor air temperature
are analysed. Only occupied hours are analysed. Furthermore, the coldest occupied room is inves-
tigated for each building.

The demand response used in the simulation cases does not reduce the thermal comfort signifi-
cantly. The indoor air temperature stays reasonably well above the lower minimum of acceptable
indoor temperature range. The indoor air setpoint variations due to the demand response are
shown in Table 15.

Results show that indoor air setpoint is 20°C 64.6% and 21°C 35.4% of the year. There are no
charging hours when the setpoint would be 23°C. This is due to the high marginal value (75
€/MWh) of the control signal, which decreases the charging hours and increases the cost savings.
Lower marginal value makes the control signal more sensitive to the changes of the hourly energy
price and reduces the cost savings.

Apartment building. Table 16 presents the indoor air results of the apartment building simulations.
In the reference case, AB-R-21, the indoor air falls below the setpoint temperature of 21°C for 113 h
which accounts for 10°Ch. In the demand response case AB-DR the temperature falls below 21°C

Table 15. Indoor air setpoint variation in hours

Indoor temperature setpoint, [°C]
Simulation case 20 21 23
Annual hours [h] 5659 3101 0

Table 16. The effect of demand response and peak power limiting to indoor air temperature in the coldest occupied room in the
apartment building simulation.

Limit and annual affected

hours Occupied hours below [h] Degree hours below[°Ch]
Simulation case Peak [kW] t(h] % 21°C 20°C 19°C 18 °C 21°C 20°C 19°C 18°C
AB-R-21 109 0 0 0 10 0 0 0
AB-DR - 3275 8 0 0 1512 1 0 0
AB-DR-PPL80 144 119 1.4 3288 82 15 0 1602 47 6 0
AB-DR-PPL70 126 268 3.1 3342 189 108 62 1856 256 123 38

AB-DR-PPL60 108 727 83 3547 310 194 143 2407 639 400 226
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Figure 14. Duration curves of the indoor air temperature in the coldest occupied room during the coldest 800 h in the apartment
simulation cases.

for 3275 h and 1512°Ch. However, indoor air temperature stays reasonably well above the lower
limit as it falls below 20°C for 8 h and 1°Ch.

In the case AB-DR-PPL80, peak power limiting affects for 1.4% of annual occupied hours. This
means that for 1.4% of the year the heat demand is higher than the supply from the district heating
to the building. This results indoor air temperature to fall below acceptable level (20°C) for 47°Ch.
Result indicates that on average, the realised peak power of the reference case is high for the
measured outdoor temperatures during the simulation period, as only 1.4% of the year the demand
is higher than 80% of that power.

When peak power limiting of 70% and 60% are applied the respective time and degree hours are
higher as seen in Figure 14, but temperature also falls below 18°C. The minimum temperature in
AB-DR-PPL60 is below 15°C. This low indoor air temperatures are not considered acceptable as
they decrease thermal comfort of the occupants and may cause health symptoms.

In the apartment building, the peak power limit is effective for relatively highest time of the occu-
pied hours among the simulated buildings. This is due to the constant use of the building as the
space heating demand is highest during the nighttime when the outdoor temperature is coldest.

Cultural centre. Table 17 presents the indoor air temperature results of the cultural centre cases
during the occupied hours of the year. In the reference case (CC-R-21), indoor air temperature
always stays above the setpoint. In demand response case CC-DR, temperature falls below 21°C
for 1342 h which results in 523°Ch. Temperature stays above the acceptable minimum temperature
(20°C) the whole year during the occupied hours.

Figure 15 illustrates the duration of the indoor air temperature during the coldest occupied
hours in the coldest room of the cultural centre. That indicates that in the peak power limiting
cases the indoor air temperature falls below the acceptable level. However, in the CC-DR-PPL80
the time indoor temperature maintains below 20°C is so short it does not result in degree hours.
In the case with peak power limiting of 70% (CC-DR-PPL70) the limit takes place for 0.7% of
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Table 17. The effect of demand response and peak power limiting to indoor air temperature in the coldest occupied room in the
cultural centre simulation.

Limit and annual affected

hours Occupied hours below [h] Degree hours below [°Ch]
Simulation case Peak [kW] ifh] % 21°C 20°C 19°C 18°C 21°Ch 20°Ch 19°Ch 18°Ch
CC-R-21
CC-DR - 1342 0 0 0 523 0 0 0
CC-DR-PPL80O 209 21 0.2 1343 2 0 0 526 0 0 0
CC-DR-PPL70 183 65 07 1346 4 1 0 534 3 0 0
CC-DR-PPL60 157 238 27 1363 20 4 2 564 1 3 0
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Figure 15. Duration curves of the indoor air temperature in the coldest occupied room during the coldest 100 h in the cultural
centre simulation cases.

the annual time. Temperature falls below acceptable level for 3°Ch. Thus 80% and 70% peak power
limiting maintain the acceptable indoor air temperature and occupant’ thermal comfort moderately
well.

In the case CC-DR-PPL60, limiting affects for 2.7% of the time. Indoor air temperature falls
below 19°C for 3°Ch during the occupied time.

Peak power limiting has the least effect on the indoor air temperature in the cultural centre
among the studied buildings regarding the time and degree hours below the acceptable level.
This indicates that the thermal mass and structural design is suitable for the peak power limiting.
Moreover, the internal gains and the occupant density are higher than in apartment and office
buildings. Thus the indoor air temperatures fall slower than in other building types when peak
power is limited.

Office building. Table 18 shows the indoor air temperature results of the coldest room of the office
building simulations. Reference case in office building simulations (OB-R-21) has indoor air temp-
erature to fall below 21°C for 20 h and 2°Ch in a year. In the demand response case of the office
building simulations (OB-DR), the temperature falls below 21°C for 1005 h and 491°Ch. However,
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Table 18. The effect of demand response and peak power limiting to indoor air temperature in the coldest room of the office
building simulation.

Limit and annual affected hours Occupied hours below [h] Degree hours below [°Ch]
Simulation case Peak [kW] AH [h] AAH[%] 21°C 20 °C 19 °C 18 °C 21 °C 20 °C 19 °C 18 °C
0B-R-21 20 0 0 0 2 0 0 0
0OB-DR - 1005 0 0 0 491 0 0 0
OB-DR-PPL80 217 12 0.1 1005 7 0 0 497 3 0 0
OB-DR-PPL70 190 37 04 1007 21 10 0 517 18 4 0
OB-DR-PPL60 163 105 1.2 1015 40 26 17 574 62 30 6

temperature stays above the lower limit of the acceptable indoor air temperature for the occupied
hours.

Figure 16 shows the duration of the indoor air temperature in the coldest room of the office
building simulations. Results show that the structural design and thermal mass of the office building
are less suitable for the peak power limiting than those of cultural centre. Even though the office
building has about 50% less affected hours of peak power limiting, the hours below the studied
temperatures are more than doubled in each peak power limiting case.

Demand response maintains the indoor temperature and thermal comfort well in each building
type. The indoor temperature does not fall below acceptable level in any building. The effect of peak
power limiting varies more among the different building types. In the apartment building, the effect
on the thermal comfort is the highest, as the occupied hours include the coldest nighttime. Cultural
centre and office building have less effect as the occupied hours are limited. Office building has less
internal gains (equipment and lighting) and lower occupant density than cultural centre which
makes the indoor air temperature to decrease more during the peak limiting hours than in cultural
centre.

21,5
21
20,5
20
o
‘s 195 :
2 o
= ’
g 1o / OB-R-21
5 P - --OB-DR
185/ OB-DR-PPL80
- --- OB-DR-PPL70
18 - OB-DR-PPL60
17,5
17
0 10 20 30 40 50 60 70 80 90

Time [h]

Figure 16. Duration curves of the indoor air temperature in the coldest occupied room during the coldest 100 h in the office
building simulation cases.
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Figure 17. Annual hourly community district heating power demand of the simulated year.

The effect of demand response and peak power limiting to the district heating production
and network

The effect of the demand response and peak power limiting was studied in the community level as
part of the co-simulation process. Annual district heating power demand of the community in
different cases is shown in Figure 17 and Figure 18. Figure 16 illustrates the annual hourly district
heating power demand.

Figure 17 illustrates that the demand response reduces the total peak power of the DH commu-
nity by 4.9%. Peak power limiting reduces the peak power by additional 17.8%-p which totals in
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Figure 18. Duration curve of the district heating system's total power demand of the highest demand hours. The effect of the
peak power limiting is illustrated by hatched area.
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Table 19. Network level demand response and peak power limiting results. Difference is stated relative to the reference case for
DR and DR&PPL cases separately.

Total heat Total generation CO; emissions [t-  Specific generation cost  Average generation cost
Case [MWhy/a] cost [€/a] CO,/a) [€/MWh] [€/MWh]
Reference 7919 —83 801 133.0 =10.6 =185
DR 7616 —-88 718 90.0 =11.6 -186
A-abs. =303 —4917 =43 -1.0 =0.1
A% -38 =59 =323 =10 =05
DR and 761 —88 891 88.2 =117 -18.6
PPL
A-abs. =308 =5090 —44.8 =1.1 =0.1
A% -39 =6.1 =33.7 =10.3 =0.5

22.8% reduction in peak power in contrast to the reference case. However, the additional energy
savings are neglectable as the affected time is limited.

Figure 18 shows the duration of the total district heating power during the highest demand hours
(200 h) of the simulation year. It is seen that the total time that the peak power limiting is effective
in the community level is less than 24 h.

Table 19 presents the annual results of the district heating network level. Total district heat-
ing production, total generation cost, total emissions, specific generation cost and average gen-
eration price are presented. Average generation price represents the average of the hourly
specific costs.

Demand response control reduces the total district heating production by 3.8% compared to the
reference case. This results in 5.9% profit increase for the district heating producer in contrast to the
reference case. Profit increases due to the reduced operation hours of less profitable production
units. The CO; emissions from the production are decreased by 32.3% due to the demand response,
as higher emitting production units are operated less.

When peak power limiting is applied to the buildings of the community as described in Table 8
the total district heating generation is decreased by 0.1% in addition to the decrease by demand
response. Total generation cost decreases by 0.2%. This accounts in 0.2% more profit to the DH
producer. Furthermore, CO, emissions of the DH production decrease by additional 1.4%. Average
generation cost remains same as the production scenario is unchanged.

Peak power limiting does not provide significant additional savings in energy production and
CO, emissions or increment in the producer’s profit in comparison to the demand response.
This is due to the limited additional energy savings peak power limiting provides at the building
level as the time that limit becomes effective is minor. The benefit of peak power limiting at the
community level energy savings is further reduced as most of the buildings in the simulated com-
munity are office buildings. In the DR-PPL70 cases, the effect of the peak power limiting to the cul-
tural centre and office building energy demand was neglectable and demand was increased in the
case OB-DR-PPL70 which were used for the community analysis.

Discussion

Results indicate that demand response can provide 2.8-4.7% energy savings and 2.8-3.4% total DH
cost savings to the customer depending on the building type. Highest relative total DH energy sav-
ing is achieved in the office building (4.7%). Office building is suitable for the demand response as
the usage is more intermittent than in other building types. Ventilation is not operated during
weekends thus demand response has more relative effect as it only applies on the space heating.
Moreover, the lack of the internal heat gains during the weekends increases the relative effect of
the demand response. Energy saving reflects directly to the DH energy cost saving, which is the
highest in the office building, which is 2.0% and 0.7% higher than in apartment building and cul-
tural centre respectively.
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However, the total DH cost saving order, including base cost, is vice-verse. Apartment building
has the highest, cultural centre second and office building the least saving potential in the total DH
cost. This is due to the DH base cost savings. Total DH peak power is decreased the most in the
apartment building. The apartment building does not have separate ventilation heating, thus the
demand response affects the total heating power excluding domestic hot water. In the office build-
ing and cultural centre part of the heating power is reserved for the ventilation heating, which the
demand response does not effect, thus the relative total effect is less.

Higher DH peak power reduction by demand response in the apartment building is also due to
the continuous usage of the building. As the building is used similarly during the nights when the
outdoor temperature is generally lower, the demand response’s reduction to the peak power gets
actualised. In the office building and cultural centre, the demand response does not affect the
peak power as significantly, as the ventilation is not operated in the nighttime when the highest
power demand would otherwise occur.

Peak power limiting provides the highest relative reduction on the total DH energy consumption
and the peak power in the apartment building. This is as well due to the continuous usage of the
building and lack of the ventilation heating. The lack of ventilation heating in apartment building
makes the heating power more stable. In cultural centre and office building, the ventilation is not
operated fully in the nighttime, and this already reduces the delivered peak power. Thus the peak
power limiting does not have that significant effect.

Study shows that demand response can maintain the indoor air temperature within the acceptable
range decently. However, the indoor air temperature falls below the normal setpoint for some time of
the year, which was 21°C in this study. Peak power limiting has more effect on the indoor air temp-
eratures, especially in the apartment building which is potentially occupied every hour of the year.

The building massing (Hootman 2012, 170-172) affects the heat storing properties and thermal
inertia of the building and results of the DR and peak power limiting would vary among different
building massing. For example, buildings with more heat transfer surface between indoor air and
structures have generally better heat storing capacity, and saving potential of the DR and peak
power limiting are higher. Other structural properties, such as structure types, affect the saving
potential also.

Demand response provided significant CO,-emission savings in the community level. The emis-
sion reduction results from the reduced operation hours of the gas boilers. However, the peak
power limiting was not able to reduce the operation hours of the boiler significantly further,
thus the emission saving is minor. Emission reductions of the demand response and peak power
limiting are dependent on the peak power fuels of the district heating system, which usually are
high emitting fossil fuels.

The community level analysis shows that in the studied system, the peak power limiting does not
provide significant additional savings to the demand response. The time that the peak power limit-
ing is effective is minor, especially in the selected cultural centre and office building cases for the
community level study. The situation might change if the studied community had different building
mix, for example if the apartment buildings represented higher share of the total building stock.
However, the apartment building’ thermal conditions were the most affected by peak power limit-
ing which is a restrictive factor in the peak power limiting’s benefits.

On community level, the demand response and peak power limiting would become even more
profitable for the producers if the peak power was decreased so much that producers could drop the
peak power generation units from the system. The marginal cost of those units is usually high, and
the annual usage hours are low. Those units require maintenance, and the fuel must be stored for
the coldest times of the year, which generate the costs. However, as the usage hours are limited, they
are not very profitable. This study investigated only the production cost of the district heating based
on the fuel costs and did not address the fixed costs of the producers. Moreover, the issue of the
possibility to remove the peak power generation units form the DH system due to the demand
response and peak power limiting was not addressed.
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Results of this study indicate that peak power limiting can provide significant savings for the cus-
tomers in the DH base cost. However, applying peak power limiting as in this study is not trivial. In
apartment buildings applying centralised peak power limiting to the district heating substation has
effect on every occupier of the building. The situation is same in the office building where different
tenants are affected. Thus everyone should agree on the lowered indoor air temperatures in the
coldest time of the year.

However, this study indicates that the design peak power can be high for the actual outdoor
temperatures. The time that the outdoor temperature drops down to the design outdoor tempera-
ture is minor. Thus it could be worthwhile to discuss, how much reserve the heating systems shall
have. Especially when the annual mean outdoor temperatures are expected to rise during this the
twenty-first century. However, the extreme weathers are predicted to become more common too,
including cold periods. Still, the time that they take place annually is critical when designing the
heating systems.

Demand response can enable novel customer-centric service models for district heating compa-
nies which have potential to benefit both heat producer and end-customer. District heating business
has been traditional energy business where end-customer has little influence on the product and
pricing. By demand response, selling heat could be more of a service of indoor thermal conditions.
Customer could set limits of the indoor air temperature which heat producers agrees to maintain.
Applied along with dynamic pricing end-user can save from heating costs as well as heat producer
from production costs and usage of peak power fuels.

The study was conducted with the energy prices prior to the Russia’s was in Ukraine in 2022. The
war has resulted in the rapid increase in the fuel prices, consequently increasing district heating and
electricity costs. Demand response and peak power limiting could provide higher savings due to the
increased costs in the energy market. The effect of the increased fuel costs on the saving potential
could be studied in the further research.

Conclusion

The objective of this study was to investigate the energy and cost savings of the demand response
and peak power limiting for the building owner and the district heating producer. Furthermore, the
effect on the building occupants’ s thermal conditions and district heating production emissions
was studied. The study was conducted as a co-simulation process, where building level simulations
and district heating production level optimisation were conducted separately.

Demand response provides 2.8-4.7% energy savings and 2.3-3.4% total DH cost savings for the
building owner. Indoor air temperature is kept within the chosen acceptable range despite the
demand response. However, occupants should accept slight difference from the normal indoor
air temperature if demand response is applied.

Peak power limiting provides additional 0.3-1.7% energy savings and 12.3-15.2% total DH cost
savings to that of demand response. Apartment building has the highest energy and energy cost
savings due to the peak power limiting due to the stable use and lack of mechanical ventilation sys-
tem. Office building has the least additional savings due peak power limiting, and it caused the
energy demand and cost slightly to increase from the demand response case due to the rebound
effect. Major share of the increased savings in the total district heating cost in peak power limiting
cases was due to the reduced base cost.

Lower limits for the peak power caused the indoor air temperatures to fall to unacceptable level.
In apartment building, the 80% peak power limiting could maintain the indoor air temperature in
the chosen acceptable level. In cultural centre and office building, the chosen acceptable level was
achieved still by 70% peak power limiting. Result indicate that the design powers were high for the
measured outdoor temperatures, and there is significant saving potential in base cost by reducing
the peak power, without notably risking the thermal indoor conditions.
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In the community level, the demand response provides 3.8% energy savings, which results in
5.9% profit increase with the studied production scenario. The CO, emissions were reduced by
32.3% by demand response. However, the peak power limiting does not significantly increase the
energy or cost savings, nor reduce the energy production emissions with studied limits in contrast
to the demand response.

Further research could implement field tests on district heated buildings to verify the results
empirically. Demand response’ actual indoor air temperature variations and their perception by
the occupants would place interesting research questions. Furthermore, production side effects
such as actual peak power and fuel savings could be studied in co-operation with the DH provider.
Moreover, the dynamic pricing of the district heating could be studied further.

Acronyms

AB apartment building

C cultural centre

CHP combined heat and power plant
0, carbon dioxide

(&) control signal

DH district heating

DHW domestic hot water

DR demand response

DSm demand side management

EU European union

GHG Greenhouse gas

HEP hourly energy price

HGSO heat generation schedule optimiser
HOB heat-only boiler

0B office building

PPL peak power limiting

ST solar thermal

Nomenclature

C,fxp_ expenses of each generation unit (€)
Cesp district heating production expenses (€)

Cp24n production cost of particular 24 h (€)
Corod. district heating production cost (€)
specific heat of water (kJ/kg*K)
ol fuel demand for each production unit (MWh)
” electricity demand for generation (MWh)
ol fuel demand for generation (MWh)
’ specific emission of the fuel (t/MWh)
price normalisation factor (-)
gl CHP electricity generation (MWh)
efficiency of each unit (%)
Nyorage ~ Charge or discharge efficiency (%)
0, CO, emissions (t)
sy air leakage rate (1/h)
P, maximum heating power (kW)
Pavrel average electricity price of previous month (€/MWh)
Phonus government subsidy from selling renewable electricity (€)
PoH DH consumer price (€/MWh)
Pel price of electricity (€/MWh)
Pfuel price of fuel (€/MWh)
Pprod. specific production cost (€/MWh)
Preal real DH price (€/MWh)
p density of water (kg,fmj)
Q district heating demand of the community (MWh)
Qcharge  Charge to the storage (MWh)
Qaischarge  discharge from the storage (MWh)

O i B Hed

3
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gst heat production of the solar thermal plant (MWh)
Gstorage  Charged or discharged heat to/from the thermal storage (MWh)

q volumetric flow rate (m?¥/s)

¢ generated heat of each production unit (MWh)

R total cost range of specific production cost (€/MWh)
R, revenue from selling electricity (€)

AT temperature difference (K)

Toavr,240ue Moving 24-hour outdoor temperature (°C)
Tiim,oue  limiting outdoor temperature (°C)

Tstmax Maximum space heating setpoint (°C)
Tstimin Minimum space heating setpoint (°C)
Tstinorm normal space heating setpoint (°C)

Tsmee  space heating setpoint (°C)
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