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Abstract

The movement toward the 4™ generation district heating (4GDH) embraces a great opportunity to support
the future smart energy development concept. However, its development calls for addressing technological
and economic obstacles aligning with the need for a reformation of the energy market to ensure the quality
of service. In this context, our paper presents a comprehensive analysis based on a multi-objective
optimization framework incorporating an artificial neural network-based model for the possibility of
integrating heat pump (HP) into solar assisted district heating system (SDHS) with seasonal thermal energy
storage to support the sustainable transition toward 4GDH. The study evaluates the performance of the
proposed system with the help of key performance indicators (KPI) related to the 4GDH characteristics and
key stakeholders for possible market growth with consideration for the environmental benefits. The
proposed analysis is applied to a small neighbourhood of 10 residential buildings located in Madrid (Spain)
to investigate the optimal integration of HP under different control strategies into a SDHS. Inherent the
SDHS operator perspective, the results reveal a significant improvement in the stabilization of the SDHS
performance due to the HP integration where the solar field temperature never exceeds 80°C, and the
seasonal storage tank (SST) temperature stands at 85.4°C. In addition, the share of solar energy stands
above 86.1% with an efficiency of 73.9% for the SST, while the seasonal HP performance factor stands
above 5.5 for all optimal scenarios. From the investor viewpoint, an energy price of 59.1 Euro/MWh can be
achieved for the proposed system with a payback period of 26 years. Finally, from the policymaker
perspective, along with the significant economic and sustainable improvement in the SDHS performance,
a substantial environmental improvement of 82.5% is achieved when compared to the conventional boiler
heating system. The proposed analysis reflects a great motivation for different stakeholders to propose this
system as a path toward the 4GDH in the future district energy systems.

Keywords: Solar assist district heating system; Heat pump; Artificial Neural Network; Multi-objective
optimization; Key performance indicators; 4" generation district heating
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Highlights

e Framework to judge transition toward 4 generation district heating is proposed.

e Multi-objective optimization for evaluating heat pump effect is projected.

e Various control strategies for the heat pump operation are investigated.

e Stakeholder perspective is examined using KPIs of 4t generation district heating.
¢ Heat pump integration in district heating is a sustainable and competitive solution.
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total aperture area of solar collectors (m?/(MWh-a))

inclination angle of the solar collectors (°)

total initial capital cost (€)

total discounted operational cost (€)

total discounted replacement cost (€)

heating capacity of the HP (MW)

construction material thickness of the seasonal storage tank (m)
insulation material thickness for the seasonal storage tank roof (m)
insulation material thickness for the seasonal storage tank wall (m)
insulation material thickness for the seasonal storage tank ground (m)
indicator result for damage category d

Indicator for the environmental damage limits

contribution of the auxiliary heater as a percentage of the maximum heating load (-)
original objective function [LCOH(X) or RCP(X)]

fraction capacity of the heat pump (-)

inequality constraints

equality constraints

convective heat transfer coefficient to the air W/(m?2-K)

seasonal storage tank aspect ratio (m/m)

domestic hot water storage aspect ratio (m/m)

number of regressors

Levelized cost of heat (€/MWh)

mass flowrate of the recirculating water pumps (kg/s)

sample size

number of solar collectors in series

power drawn by the heat pump (MW)

useful energy rate received by the solar collector field (MW)

useful energy produced by the solar collector field (MW)

heat loss rate through the seasonal storage tank (MW)

heat loss rate through the domestic hot water storage tank (MW)
heat transfer rate through the heat exchanger (MW)

duty of auxiliary heater (MW)

total space heating demand (MWh)

total domestic hot water demand (MWh)

total energy losses through the seasonal storage tank (MWh)

seasonal storage tank radius (m)
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Abbreviations
4GDH

ANN

AUX

interest rate (%)

revenue of the system (€)

adjusted coefficient of determination

ReCiPe 2016 aggregated impact factor (Pt/MWh)
annual solar fraction for the DHW distribution circuit (%)
overall solar fraction (%)

annual solar fraction for the SH distribution circuit (%)
seasonal performance factor (SPF)of the heat pump
temperatures of the liquid entering on the load side (°C)
outlet temperatures of the load side (°C)

return temperature of the district heating network (°C)
outlet temperatures of the source side (°C)
temperatures of the liquid entering on the source (°C)
supply temperature of the district heating network (°C)
overall heat loss coefficient of the seasonal storage tank (W/(m2-K))
volume of the domestic hot water tank (m3/(MWh-a))
volume of the seasonal storage tank (m3/(MWh-a))
predicted value

actual value

solar collector field efficiency (%)

domestic hot water storage tank efficiency (%)

efficiency of the seasonal storage tank

construction material thermal conductivity of the seasonal storage tank (W/(m-K))

insulation material thermal conductivity for the seasonal storage tank roof and wall(W/(m-K))
ground thermal conductivity (W/(m-K))

insulation material thermal conductivity for the seasonal storage tank ground (W/(m-K))
normalization factor for damage category d

weighting factor for damage category d

temperature difference between the extracted and replaced water inside the space heating
circuit

temperature differences between the extracted and replaced water at storage tanks to cover the
DHW load

temperature difference between the exit and entrance of the auxiliary heater

4th Generation District Heating
Artificial Neural Network
Auxiliary Heater (fuelled by natural gas)



coL
DH
DHW
DHWT
FG
GA
GPBP
HE
HP
HPC
KPI
LCA
LCIA
MOO
MOGA
MW
NC

P

PB
SAHP
SDHS
SH
SsT
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TRNSYS
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XPS
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solar collector field

District Heating

Domestic Hot Water

Domestic Hot Water Tank

Foam Glass gravel

Generic Algorithm

Greenhouse gas payback period
Heat Exchanger

Heat Pump

High-Performance Concrete

Key Performance Index

Life Cycle Assessment

Life Cycle Impact Assessment
Multi-Objective Optimization
Multi-Objective Genetic Algorithm
Mineral Wool

Normal Concrete

Centrifugal pump

Payback Period

Solar Assisted Heat Pumps

Solar Assisted District Heating System
Space Heating

Seasonal Storage Tank

Seasonal Thermal Energy Storage
Thermal Energy Storage
Transient system simulation program
Ultra-High-Performance Concrete
Extruded Polystyrene

damage category
elementary factor
equipment unit
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1. Introduction

Energy infrastructure around the world is undergoing a transitional period to accommodate the highest
possible share of renewable energy generation in the existing grid and provide reliable service to meet the
demand in various sectors. With the revised EU directive on renewable energy, the European countries are
focusing on delivering 32% of the total energy from renewable energy sources, such as wind, solar, and
biomass, by the year 2030 [1]. In efforts to push this energy transition, the EU has also decided that
beginning in 2021, the proportion of renewables in the heating/cooling sector will rise by 1.3% points
annually. In this context, district heating (DH) networks have gained a great deal of attention with the
possibility of integrating them into the future smart energy system.

The smart energy system concept is a broader definition of the smart grid moving the sole focus from the
electrical power grid towards the integration of different energy sectors such as electricity, heating, cooling,
industry, buildings, and transportation to achieve sustainable energy solutions [2]. In such a future energy
vision, the district heating systems can play a crucial role by allowing the use of industrial waste heat and
local renewables such as solar energy in combination with large scale thermal energy storage to transform
into a low-temperature thermal grid which is also known as 4" generation district heating (4GDH) [3—6]. The
4GDH system has emerged as a promising technology because conventional high-temperature DH
systems experience substantial heat losses and high installation costs [7] as well as the possibility of losing
profit when the heating demand is decreased due to the renovation of existing buildings [8]. The key
characteristic of 4GDH is considered to be the ability to deliver heat at a much lower temperature range
(50 ~ 60°C) and significantly lowering the return temperature (25 ~ 30°C) [9],[10]. However, the
implementation of a 4GDH needs further research in order to address technological and economic
obstacles and reform the energy market framework to ensure the quality of service [11].

Different technologies can be combined with DH systems to improve efficiency and energy savings [12].
The large-scale solar thermal district heating plants are among the most interesting solutions that have
already become a reality today in countries like Denmark, Sweden, Austria, Germany, Spain, and Greece
[13], [14]. Such a system has the edge over the conventional heating system reducing the use of fossil fuels
and emissions. Still, it deals with a higher degree of flexibility issues due to the fluctuating nature of solar
radiation. The variation in heat load with changing seasons does not match with heat generation by the
solar source creating an unfavourable condition for 4GDH [15]. This issue can be resolved by coupling
seasonal thermal energy storage (STES) to solar thermal plants where the heat produced can be stored
for later use [16]. Despite that, the solar heating system may fail to reach the expected level of solar fraction
for seasonal storage (50-100%) and short term storage (10-20%) due to the high heating demand of the
building, high return temperature to the storage, and high heat loss from thermal storage [17]. One way to
reduce the storage heat loss is to maintain a low temperature inside the storage tank. Such control
measures require a supporting device such as back up heat pumps for effective space heating (SH) [18].
With the aid of heat pumps, STES can be discharged to lower temperature levels, collectors under a low-
temperature condition can reach higher solar fraction, and the whole system is less prone to fluctuating
district heating network return temperature [19]. Heat pumps are also highly efficient when operated in low-
temperature DH networks to supply temperatures below 70°C [20]. Therefore, introducing heat pumps into
a solar assisted district heating with seasonal storage can be a promising technological intervention to
improve the overall system efficiency and transform the existing plants into a 4GDH system [17] [21].

Heat pumps present low CO2z emissions when used under high-efficiency conditions, in particular, the
electrically powered heat pumps with electricity from renewable sources [22]. One way of using electric
heat pumps for residential and commercial heating applications is to combine the technology with solar
systems, i.e., solar thermal, solar photovoltaic [23], or both thermal and photovoltaic (PV/T) [24]. During
recent years, a variety of solar-assisted heat pumps (SAHP) configurations are proposed and analyzed for
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the water heating application. Standard SAHP concepts such as direct expansion [25] and indirect
expansion style [26] along with modified novel design such as SAHP with hybrid solar collectors [27], dual
tank SAHP [28] have been investigated to show their feasibility from economy and energy conservation
perspective. Concerning the integration of heat pumps into district heating networks, Kim et al. [29]
designed a TRNSYS model consisting of a solar thermal system, seasonal storage, high temperature and
low-temperature heat pumps which showed significant energy savings when the solar fraction is increased
by varying the size of collectors and storage. @stergaard and Andersen [30] in another study assessed the
potential of booster heat pumps to provide domestic hot water demand in a low-temperature district heating
scheme. Hirvonen et al. [31] examined the influence of community size on the technical as well as the
economic performance of a solar assisted district heating and a ground source heat pump for additional
heat generation. Another optimization study compared a heat pump integrated centralized solar district
heating with a semi-decentralized one and found that the decentralized system outperforms the centralized
system in terms of life cycle cost [32]. These studies highlight that heat pumps can add more flexibility to
the district heating network either by directly supplying SH and domestic hot water (DHW) load or charging
up the storage tank. This allows shifting the use of electricity and reducing natural gas consumption, which
leads to improved energy security.

The simulation-optimization studies on solar assisted district heating systems (SDHS) with storage and
heat pumps are so far primarily focused on analyzing parameters associated with the solar source, storage
technology, and energy demand profile of the community from the techno-economic point of view.
However, efforts towards designing the whole SDHS framework to an optimal extent from the sustainability
standpoint while fulfilling the targets of next-generation district heating are seldom found [33,34]. More
importantly, the possible role that heat pumps can play in a SDHS network to address the issues related to
storage heat loss and overall flexibility of the network has not been fully explored. This aspect of heat pump
utilization to maintain an efficient low-temperature SDHS network may lead to high initial investment,
electricity consumption, and related COz emission. Hence, the optimization of the key design parameters
of heat pump integrated SDHS becomes more important. It should consider energy efficiency, economic
feasibility, and environmental impact simultaneously to ensure that such a system is walking hand in hand
with the sustainable development goal. Nevertheless, such an optimization problem is complex enough to
solve and takes more computational resources to take multiple decision variables into account within the
same framework. Therefore, we are introducing a meta-modeling method in this study to minimize
computational effort while maintaining high accuracy rates.

The Artificial Neural Network (ANN) is one of the most widely used meta-model techniques for dealing with
complex design problems in energy research compared to traditional algorithms when managing a large
data set [35], [36]. ANN can find a relation between the input and output variables by studying previously
recorded data and reproduce a comprehensive model based on that relationship [37]. In order to
demonstrate the applicability of ANN, Esen et al. [38] used the backpropagation learning algorithm to predict
the coefficient of performance of a horizontal ground-coupled heat pump system. Xia et al. [39] devised an
ANN model using genetic algorithms to perform multi-objective optimization of a SDHS. Another proof of
concept was developed by Hirvonen et al. [40], where neural network meta-modeling is used to optimize a
solar community to supply the heating demand, and the proposed method provided better solutions
compared to genetic algorithms.

This paper aims to analyze the techno-economic performance as well as the environmental impact of
different control strategies for integrating heat pumps into SDHS equipped with seasonal thermal energy
storage in the context of 4AGDH. Emphasis is given mostly on district heating consumption for SH with less
focus on DHW consumption. Two types of control strategy are proposed where the heat pump is connected
in series with the solar collector. Each control concept is investigated through dynamic simulations in
TRNSYS and multi-objective optimization based on an ANN model to determine the optimized combination

7
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of key design parameters based on energy performance, economic, and environmental impact. The results
are used in a comparison of the seasonal storage enhanced SDHS with and without the inclusion of heat
pumps. Furthermore, the study evaluates the performance of the proposed system with the help of key
performance indicators (KPI) related to the 4GDH characteristics and key stakeholders for possible market
growth and expansion.

Hence, the novelty of the work is to demonstrate the potential of heat pump integration into a community
sized SDHS to stabilize its performance and assist in the sustainable transition towards 4GDH. Another
novelty of this paper is the development of optimized control strategies for the heat pump operation to
enhance the overall flexibility of the SDHS. The presented research, therefore, lays the groundwork for
stakeholders of a SDHS with seasonal storage and heat pumps to navigate the next generation district
heating transformation.

The structure of the article is as follows: A general outline of the SDHS and its mathematical definition is
proposed in section 2. In section 3, both the techno-economic targets and environmental aspects are
explained in terms of KPIs based on the stakeholder perspective. The design of an ANN-based optimization
strategy is introduced in section 4. Section 5 discusses the deployment of methodology in a community of
10 residential buildings in Madrid, Spain, and section 6 provides the relevant findings and discussions. The
results of the study are eventually summarized in section 7.

2. System description and simulation
2.1. System development

A distinct typology of heat pump integrated into SDHS is designed to meet the space heating and domestic
hot water demands for a hypothetical residential neighbourhood throughout the year as schematically
shown in Fig. 1. The system mainly consists of solar collectors, a half-buried sensible seasonal storage
tank (SST), the DHW storage tank (DHWT), a water-to-water heat pump unit, and auxiliary natural gas
heaters.

The heat pump (HP) acts as a heat source for the SST when connected in the solar field circuit, as shown
in Fig. 1. In this configuration, the heat captured by the solar collector field (COL) can be directly used to
fulfill the SH or DHW demand of the district or stored in the SST. The heat exchangers transfer the heat
from the supply circuit to the distribution network using Y-type valves, depending on the mode of operation.
Under a certain condition, the heat produced by the HP is either distributed directly for space heating or
supplied to the SST for charging up the heat stored. The SST is used during the winter season to supply
the SH demand, while the short-term storage DHWT is used to supply the daily DHW demand. It is important
to note here that the heat provided for SH corresponds to a low-temperature level (50°C), whereas the heat
provided to the DHW is at high-temperature level (60°C). Finally, if the solar field, SST, and HP fail to meet
the heat demand, the mismatch is covered by the auxiliary heater.
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Fig. 1. A schematic drawing for the HP integrated with SDHS.

2.2. Control logic

The developed system requires a good control strategy to operate under different modes to meet the district
heating demand while maximizing the solar fraction and minimizing the heat losses. Four modes of control
are designed based on the temperature levels at different points of SDHS, and these are achieved through
on-off control of the isolation valves.

At first, when the DHW mode is triggered on, the heat gained by the solar collectors is transferred to the
DHWT with the aid of the centrifugal pumps P1, P2 and Psvia HEz. The auxiliary heater is only enabled
when the solar heat is not adequate to cover the demand in the DHW network. Under DHW mode, the heat
pump unit is non-operational.

The SH mode is activated when an appropriate value of the temperature in the DHWT is reached, and the
COL temperature is at a higher level than the bottom temperature of the SST. This operating mode uses
the pumps P1, Pz and P3 to deliver the heat to the SST from the solar collectors passing through the heat
exchanger HE:.

The third mode of control is for the simultaneous operation of DHW and SH circuits. This is activated only
when the conditions for both DHW and SH operation are achieved, and the temperature in SST is higher
than the DHWT.

Finally, the heat pump operation has two activated modes:

e Control (A) — In this mode, the heat pump works when the mean SST temperature (Tssr) IS less
than a reference temperature (T;..f).

e Control (B) — In this mode, the heat pump works if the solar collector temperature (T, ) is less
than the mean SST temperature (Tgsr), which is, in turn, less than a reference temperature (T,..f).
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In these modes of operation, the heat generated by the heat pump in Control (A) & (B) will be transferred
either to the SST or the DHWT based on the demand. In case of insufficient supply from SST or DHWT,
the auxiliary heater is turned on.

2.3. System modeling

The concept is modeled using standard modules available on TRNSYS 18 environment based on the
previous works by Tulus et al. [41], and Abokersh et al. [42]. Simulations are carried out for model training
and performance assessment of the developed model. The major components of the TRNSYS model are
explained in SI 1.

The SDHS model in TRNSYS is simulated considering a time step of 15 minutes. The simulations are
carried out for a timeframe of three years, and the corresponding results are then extrapolated throughout
the SDHS lifetime. This criterion is based on the assumption that the temperature within the SST remains
at 30°C in the first year, and only after two years of simulation, the effect of the temperature change
becomes negligible for the following years [43]. The lifetime of the SDHS is considered to be 40 years as
set by the United Nations Environment Programme [44]. Replacements are required for the equipment such
as the solar collectors, heat pump, heat exchangers, DHWT, auxiliary heaters, and centrifugal pumps after
continuous operation for 20 years.

3. Evaluation of System Performance

To evaluate the performance of the proposed heat pump integrated SDHS, a set of performance indicators
was selected. The set includes indicators to provide information on energy efficiency as well as the
economic and environmental performance over the entire lifetime of the system.

3.1. Energy performance indicators

The energy evaluation indicators comprise of the efficiencies of the solar collector, SST, and DHWT [45],
[46], seasonal performance factor (SPF) of the heat pump [47], and the overall solar fraction of the SDHS
[48], [49]. The analysis is carried out using the following Egs. (1) to (5) where the indicators are expressed
in terms of the amount of energy flowing in the corresponding equipment unit:

t -
_ fo QUseful (1)
Neor =~ -
fo QsoL
J; @
SST loss
Nsst = 1— 0¢+ (2)
fo QHEl
t -
n _ fo QDHW loss (3)
pDHWT = L —— ¢+ .
fo QHEz
ft Capheating
SPFyp == ()
0 Pheating
fot Capheating + fot QAUX1 + fot QAUXZ
SFgiopa1 = 1 — ®)

QsH 10aa t Qpuw 10ad

where Q'Useful and Qg are the useful solar energy produced and received by the solar collectors,
respectively. The heat losses in the SST and DHWT are represented by Qgsr 10ss aNd Qppw 10ss, While the

10



©O© 00N O O

10
11
12
13
14
15
16

17
18
19
20

21

22
23
24
25
26
27
28
29
30

31
32
33

rates of heat transfer through the heat exchangers HE: and HE: are given by QHE1 and QHEZ. Moreover,
Q’AUX1 and QAUXZ are the energy provided by the auxiliary heaters to supply the SH load (Qsy 10qq) @nd DHW
load (Qpuwioaq) Under the condition of insufficient solar energy.

3.2. Economic parameters

The Levelized cost of heat (LCOH) is adopted in our study for evaluating the economic competitiveness of
the proposed SDHS, as demonstrated by Welsch et al. [50]. LCOH in EUR per MWh is the minimum price
at which the SDHS must supply heat to the customers at a pre-defined maximum temperature of the working
fluid [51]. The LCOH is performed by dividing the total discounted life cycle cost of the SDHS by the
discounted thermal energy output Q,of the SDHS as shown by the following formula [52]:

Nen, _
N:Od(CC + CO + CR - Ra). (1 + T‘) N

LCOH = —
Inds Qe +7)7V

(6)

Here LCOH evaluation takes place over the assumed valuation period from N = 0 to N,,,4 Which takes into
account of all costs associated with the SHDS during its lifespan, i.e., initial investment (C.), operations and
maintenance cost (C,), equipment replacement cost (Cz) and the revenue of the system (R,). An interest
rate r is assumed. The LCOH analysis requires all cost components to be converted into their present value.
The revenue of the system (R,) is not considered in this calculation. The details regarding the LCOH
components and their respective calculations can be found in Sl 2. In addition, the economic parameters
for the initial cost and other life cycle cost inputs are mentioned in SI 3.

Another most commonly used cost-analysis methodology is the payback period (PB), which determines the
number of years required to recover an initial investment through economic returns of the project. Therefore,
the payback period of our proposed SDHS is the ratio of the total life cycle cost of the SDHS to the annual
cost savings due to using SDHS instead of natural gas, as shown below [53]:

LCOH

PB = -
Annual cost saving

(7
3.3. Environmental assessment

For addressing the environmental impacts of coupling heat pumps with the SHDS system and comparing
it with those of different district heating technologies, a life cycle assessment (LCA) approach is used [54].
The life cycle impact assessment (LCIA) can be performed using a variety of impact indicators. In this
study, we follow the framework ReCiPe 2016 [55], which is considered as the most adaptable and uniform
approach from a methodological point of view [56]. In this phase, the Life Cycle Inventory data are converted
to endpoint impact indicators, which are again combined to represent three damage categories: human
health, ecological systems, and resources. Afterwards, the three damages are aggregated and expressed
as a normalized endpoint indicator metric (RCP) to interpret the overall environmental performance of the
proposed SDHS configuration. The RCP can be expressed, as shown below:

da
Here DAM,is the endpoint impact indicator for the damage category d. §, is the normalization factor based

on land use and material extraction for the European setting while the weighting factor ¢, is based on
recommended values by ReCiPe 2016. The environmental impact of SDHS components is found in SI 3.

11



Additionally, the greenhouse gas payback period (GPBP) is introduced to estimate the sustainability of the
proposed SDHS model [57]. The GPBP is the number of years of operation taken by the renewable energy
plant until the total GHG savings due to the replacement of fossil energy by renewable energy equals the
GHG emissions during the life cycle [58]. It represents the potential of the SDHS model to reduce the
environmental impact, and can be expressed as follows:

RCP

GPBP =
Annual RCP saving ©)

a b wWwDNPEFP

(o]

3.4. Key performance indicators (KPI) for successful 4GDH implementation

In the previous section, several performance indicators are described not only to evaluate the specific
energy, economic and environmental characteristics of the proposed HP+SDHS but also to provide an
appropriate identification of margins by which the system intends to meet the criteria of 4GDH concept. For
10 this purpose, performance indicators that would demonstrate a successful representation of a specific target
11 of 4GDH are used as KPIs in the current study and defined as shown in Table 1.

© 00

12 Table 1: Key performance indicators for DHS transition evaluation based on the 4t generation goals.
KPI Symbol Unit 4t generation goal
KPIl1 — Share of renewable energy (solar) - % Up to 100%
KPIl, — Seasonal Performance factor of the heat pump  SPFyp - > 2.5[47]
KPIs— District heating supply and return temperatures  Tsuppiy, Treturn °C 50, 25
KPls — Thermal efficiency of the SST Nsst % Up to 100%
KPIs — Temperature level of the solar collector field TeoL °C <100°C
KPls — Temperature level inside the SST Tsst °C <80°C
KPl; — Levelized cost of heat LCOH € /MWh < Natural gas boiler cost
KPlg — Payback period PB Years < 40 years
KPly — Recipe impact indicator RCP Pt./MWh < Natural gas boiler impact
KPl1p — Greenhouse gas payback period GPBP Years < 40 years

13 In order to attract the investors with environmental drivers as well the DHS operators, the KPIs are
14 associated to the stakeholders’ perspectives [59]. Guidelines from [11] and [60] on the 4GDH concept have
15 helped to select appropriate efficiency and sustainability indicators that complete a comprehensive
16 assessment of the targeted solutions. Fig. 2 summaries the proposed KPIs for respective stakeholders and
17  their justification in a heat pump integrated SDHS.

12
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Fig. 2: The 4GDH goals from the stakeholders’ perspective connected to the KPIs.

4. Development of design optimization strategy
4.1. Outline for optimization approach

The main objective of the optimization approach is to minimize the life cycle cost (LCOH) simultaneously
with the environmental impact (RCP) of the heat pump integrated into the SDHS. The outline of the
optimization strategy is illustrated in Fig. 3. This approach is developed based on the TRNSYS model
mentioned in section 2. Once the TRNSYS model is built, we define the decision variables’ range in the
optimization problem, which, if changes reflect in the thermal output of the TRNSYS model. The software
MATLAB is utilized to create the required scenarios where these scenarios cover the feasible range for the
decision variables. Following that, MATLAB runs the scenarios automatically through TRNSYS in a parallel
way. Once the feasible scenarios are built, the ANN model is trained using the developed scenarios in order
to predict the thermal performance of the SDHS. Finally, a genetic algorithm (GA) is coupled with the ANN
to formulate a multi-objective optimization problem with an objective to minimize the cost functions aligning
with the optimization problem constraints.
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3 4.2. Development of the ANN performance model
4  4.2.1. Data generation
5 The metamodel approach begins by generating an initial set of samples to train the metamodel. Aligning
6 with the size of the decision variables and the computational budget, an appropriate size of the initial
7 samples is selected. After that, the metamodel is trained using 2048 samples based on the Abokersh et al.
8 [42] recommendation. In our framework, we apply the low-discrepancy sequences (Sobol’'s LP;) for
9 sampling due to its good space-filling feature [61]. The TRNSYS simulations are then evaluated based on
10 the generated samples where the feasible solutions are utilized for training the metamodel, and the
11 infeasible solutions are discarded.
12 4.2.2. ANN model convergence criteria
13  The metamodel is built based on a multi-layer feedforward ANN model, where this model contains 14
14  neurons in the input layer and three hidden layers. The ANN simulations are implemented based on the
15  Bayesian regularization algorithm with a learning rate, and a Momentum mean of 0.001 and 0.004. The
16 model structure is determined through the optimization approach proposed by Abokersh et al. [42] to
17 provide a relatively good convergence. In the ANN model, 19 outputs are considered in the output layer.
18  These outputs include the energy produced in the solar collector field, the energy supplied by the heat
19 pumps, the energy supplied by the storage tanks, and finally, energy covered by the auxiliary heaters. To
20  verify the performance of the metamodel, a set of performance metrics are proposed to assess the

{C. ANN model development]

(D. Evaluation criteria}
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metamodel accuracy. These performance metrics are; (i) adjusted R-squared (R?—adj.), and (ii) Coefficient
of Variation (C.V), and they are estimated as shown in the Egs. (10) to (12):

2
_ Z?:l(ypredict,i - Ydata,i)

RZ =1 — 5 (10)
Z?=1(ydata,i - ydata)
1-R)(n—-1
RZ—Aw;=1—£—;:%%7—2 an
2
C. V(%) _ Z?=1(ypred_ict,i - ydata.i) % 100 (12)
ydata

Where yp,caice,i Presents the estimated value at time point i, y444, is the actual value at time point i, n is
the size sample, and k is the number of regressors.

4.3. Multi-objective optimization

In the formulation of the SDHS optimization problems, the cost functions usually create concerns about the
energy performance and the economic profits [43]. However, in real problems, the environmental impact
should be considered in the optimization framework to reflect the policy decision-makers’ perspective.
Therefore, our optimization problem tends to minimize the life cycle cost of the SDHS (LCOH) aligning with
the environmental impact presented by the RCP to satisfy certain technical constraints. It is given as:

min {f(x), f(x)}

s.t. h(x) =0
gx) =0
lbi < X < ubi i € {1, ,17} (13)

Where f; is the life cycle cost (LCOH) and f, is environmental impact aggregated by ReCiPe 2016 (RCP),
while h represents the equality constraints solved implicitly in TRNSYS. The symbol grepresents the
inequality constraints, which reflects certain technical constraints comprising an annual solar collector field
efficiency of 60%, SST efficiency above 50%, and global solar fraction of 50%, as mentioned by Bauer et
al. [62] and Solites [63].

In the current study, we utilized a Multi-Objective Genetic Algorithm (MOGA) [64] due to its capability to be
coupled with metamodels easily [65]. In particular, the MOGA has the ability to handle several sets of Pareto
points simultaneously. These sets of points are known as individuals in a population. Similar to the
evolutionary algorithm, the initial populations can be modified with the proceedings of the iterations. These
populations are generated with the application of the mutation and crossover functions [66]. The process is
following the internal ranking of the population. For the available number of individuals in the population
and iterates, the optimization is performed by evaluating the fitness function. The process is continued
unless the criteria of convergence are met. All the information that is required for the evaluation of the
sustainability metrics is available in the fitness function. The values of the fithess function for every sample
point are used for the construction of the metamodel. Finally, the constraints associated with the metamodel
simulator are handled through a penalty function [67]. A summary of the MOGA procedure is shown in Fig.
4,
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Fig. 4: Flow diagram for the MOGA and TRNSYS simulations.

4.4, Decision variables

In the current study, 17 decision variables are used in the formulation of the SDHS optimization problem.
Different components of the SDHS comprising their relative orientation, construction, operational
conditions, and sizing are included on the basis of these decision variables. The circuit name is used for
the categorization of these decision variables. The decision variables in the supply field circuit comprise the
solar collector field, its relative orientation, and the heat pump capacity with consideration for its operation
criteria. In the SH distribution circuit, the SST and its relative construction materials are considered as
decision variables in addition to the required auxiliary heater capacity in this circuit. In the DHW field, the
DHWT volume and its relative construction ratio are considered aligning with the required auxiliary heater
capacity in this circuit. A summary of these decision variables and their relative range is shown in Fig. 5.
Furthermore, the sizing of other SDHS equipment is estimated based on mathematical equations linked
with the decision variables.
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Fig. 5: SDHS optimization decision variables.

5. Case study
5.1. Description

A small urban neighbourhood of 10 buildings located in Madrid (Spain) is utilized to illustrate the rule of the
heat pump in enhancing the sustainable performance of SDHS under different control strategies. In the
proposed community, every building consists of seven floors with 28 apartments where each one has a 90
square meter of a functional area [68]. The apartments are facilitated with a radiant underfloor heating and
domestic hot water system. Therefore, the proposed system is designed to cover the SH and DHW
demands at 50°C and 60°C, respectively. The comparison of the SDHS heating demand and model
validation was carried out based on Tulus et al. [41].

To carry out a comparative study and showcase the benefits of the proposed configurations, two reference
cases are also considered; a district heating system fueled by natural gas (baseline 1) and a SDHS without
integrated heat pumps (Baseline 2) as reported by Abokersh et al. [42].

5.2. Meteorological data and energy demand profiles
The EnergyPlus database [69] is utilized to acquire the required climatic data for Madrid. These data

comprise the incident solar radiation and the ambient temperature. The monthly average values for these
climatic data are shown in Fig. 6.
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Fig. 6: The monthly climate conditions as well the SH and DHW demand profile of the investigated
neighbourhood located in Madrid.

Based on the Spanish regulation for residential buildings, a seven floor building is simulated in the TRNSYS
with consideration for the occupancy densities and the building material composition. The annual space
heating demand profile is created based on the building simulation in TRNSYS following the work
implemented by Guadalfajara [70]. The created space heating demand is then extrapolated for the whole
neighbourhood where the total annual space heating for the neighbour is 1638.8 MWh. On the contrary,
the DHW demand is generated based on DHWcalc [71]. This software generates representative DHW
hourly demand profiles based on the daily water consumption per person and the number of occupants per
household where the total annual DHW demand is 274.9 MWh for the specified neighbourhood. The
monthly SH and DHW demands per apartment are shown in Fig. 6, where the total neighbourhood demand
is 1638.8 MWh for space heating and 274.9 MWh for the DHW.

6. Results and discussion

In this study, the first part of the results offers an analysis of the ANN model to ensure the suitability of the
metamodel for SDHS optimization. In the second part, the results obtained from the design optimization of
the heat pump control strategy for integration with SDHS are presented via selected techno-economic and
environmental performance indicators. A detailed analysis of the Pareto optimal solutions and the
comparison between the results is carried out in this section. The third section provides a comparative study
of the SDHS with and without HP to examine the possible effects of incorporating HP into SDHS for a small
community. In the final stage of analysis, the capability of the developed system configuration is discussed
in terms of the rate of achievements of 4GDH targets.

6.1. The ANN performance analysis

In the current study, the overfitting problem associate with the ANN model is solved through K-fold cross-
validation, where the 2048 sample is divided into k subsets. Each time the ANN model is trained by k-1 set,
whereas the remaining k subset is utilized for testing.

A summary of the ANN model performance is shown in Table 2. The results showed that the ANN model
prediction is agreed with the TRNSYS output where the R? — Adj. never falls below 95.5%for all the output.
To gather further confidence regarding the ANN model performance, the C.V shows that model accuracy
does not get below 8.83% for all ANN output. In general, these results indicate the ability of the ANN model
to provide an acceptable prediction for the thermal performance of the SDHS within the training data range.
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1 Furthermore, the usage of metamodeling can offer a significant reduction in the computational expenses of
2 heuristic optimization models.

3 Table 2: The performance sample of ANN model in predicting the TRNSYS output.
Supply circuit SH circuit DHW circuit
QSOL QUseful Qabs Pelec QSST QSST loss QAUXl QDHW QDHW loss QAUXZ

R?—Adj. 99.8% 99.6% 97.7% 97.8% 99.5% 97.7% 99.2% 95.5% 98.9%  99.4%
c.V 198% 1.99% 8.83% 8.16% 2.87% 8.54% 8.15% 0.49% 2.70%  3.08%

5  6.2. The effect of HP control strategy on SDHS

6 From the results viewpoint, the multi-objective optimization procedure is devoted to analyze the effect of
7 the decision variables on the design of SDHS with heat pump under the two designed control systems A
8 and B. The set of Pareto optimal solutions obtained from optimization process correspond to five scenarios.
9  Scenario 1 represents the minimum cost solution with zero limits on possible environmental damage. The
10 environmental damage limit of 25%, 50%, and 75% is allowed in scenario 2 up to 4 relative to scenario 1.
11 In scenario 5, the SDHS model causes minimum environmental impact when 100% of the damage limit is
12 hit.

13 It can be remarked from Fig. 7 (a) that a clear trade-off exists between the proposed economic and
14 environmental targets as we switch from scenario 1 to 5 under both control settings. The optimal cost of
15 energy in terms of LCOH is increased while the environmental impact of the SDHS (RCP) is minimized and
16 vice versa. The baseline 1 represents a traditional heating system (natural gas boiler). It produces the
17 maximum environmental impact of 26.6 Pt/MWh as well as a limited economic benefit (90.3 €/ MWh)
18 compared to the Pareto optimal system configurations.

19 Under the control scheme (A), where the HP in SDHS is turned on if Tgis less than the reference
20 temperature; it can extensively minimize the environmental impact compared to the baseline 1 while
21  remaining to be cost-competitive at scenarios 1 and 2. The optimal Min. cost solution has LCOH equal to
22 72.1 €/MWh, which is less than the base case by 20.1%, whereas the RCP reduces to 5.15 Pt/MWh, which
23 is smaller than the baseline 1 solution by 80.6%. On the other hand, the Pareto optimal solutions from
24 scenarios 3 to 5 could not provide any economic benefit, although they minimize the environmental impact
25 by approximately 89.5% compared to baseline 1.

26 Under the control setting (B), more enhancements of both objective functions can be seen compared to the
27 Pareto optimal solutions under control (A) as well as in baseline 1. This is due to the efficient control of the
28  heat pump with respect to temperature levels in the solar collector and SST, as well as the reference
29  temperature. In scenarios 1 and 2, the LCOH with control setting (B) is remarkably less than that of control
30  setting (A) along with marginal environmental benefits. At control setting (B), the Min. cost solution has
31  LCOH equal to 59.1 €/ MWh which is less than (A) by 18% and base case by 34.5%, whereas the RCP value
32 is reduced to 4.65 Pt/MWh which is smaller than the solution (A) by 9.7% and the base case by 82.5%. As
33 the environmental damage limits are increased from scenarios 3 to 5 with control setting (B) in action, the
34  decreasing environmental impact leads to an increment in the cost. If the Min. impact solutions are
35 compared, control (B) has the upper hand over (A) with significant cost reduction as it is reduced by 28.9%.
36 However, this optimal solution still fails to beat the baseline 1 economically where it higher than the baseline
37  1by40.6%.
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Fig. 7: Various Pareto optimal solutions for the HP integrated with SDHS under two control strategies (A)
and (B) to cover the SH and DHW yearly demand in comparison to their respective baseline 1 using
natural gas, (a) Levelized cost of energy and environmental impact of the optimal configurations at the
different scenarios, (b) Energy source and its share for the optimal system configurations for the different
scenarios.

Since the proposed SDHS system comes with multiple energy sources to optimize the environmental and
economic parameters, the share of different energy sources is an important aspect to ascertain the system’s
feasibility as a future 4GDH system. The ternary representation of energy shares in Fig. 7(b) shows that as
the Pareto front under the two control strategies (A) and (B) progress from generating the Min. cost-optimal
solution to Min. impact, the SDHS can approach 100% solar energy input. For example, if the minimum
cost solutions are compared, the Pareto optimal point under control (A) has 79.1% share of solar energy,
12.9% share of natural gas, and 7.98% share of grid electricity. Meanwhile, under control B, the optimal
solution has 86.1% of solar energy, 13.1% share of fossil energy, and 0.73% share of grid proving that
control mechanism (B) is more effective than (A). Regarding the rest of the scenarios (2-5), the share of
solar energy in the system increases while the share of natural gas goes down when we move towards the
minimum environmental impact solution. The control scheme (B) seems to be more successful with less
percentage of electricity input from the grid for all the Pareto optimal solutions, and it reduces up to 3.5%
and 0.3% for control (A) and (B), respectively.

In order to enhance the understanding of the system performance, a breakdown is conducted for each
Pareto optimal solution under both control strategies (A) and (B). In Fig. 8, the optimal values for each
decision variable are presented in a heat map in order to visualize how each design parameter changes
under different optimization scenarios. Starting from the supply aspect, the design parameters related to
the solar collector take similar values without any significant deviations except for the minimum cost
scenario. In this case, the solar collector area decreases from 0.70 m?/(MWh-a) under control (A) to 0.48
m?/(MWh-a) under control (B). Similarly, the fractional capacity of the heat pump is significantly reduced
under control (B), where the HP fraction is only 0.14+0.025 compared to 0.51+0.025 for control (A). This is
expected since the heat pump is being operated only to stabilize the system, and it has a limited contribution
to fulfill the thermal energy demand. Furthermore, the heat pump operation under control (A) keeps the
reference operation temperature of the heat pump (T..r) around 53.3+0.5°C for all optimal scenarios. While
operating under control (B), the T, reduces from 55°C at the Min. cost solution to 49.9°C at the Min. impact
solution due to the limited usage heat pump, especially when the damage limits are increased.
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Fig. 8: Pareto optimal solutions of the HP integrated SDHS configuration to cover the demand of 10
buildings located in Madrid under HP control strategy (A) and (B) where the colour map indicates the min
and max value of each decision variable.

Comparing the design parameters related to the SST, it is seen that under control (A), the volume of the
tank increase from 4.84 to 15.5 m3/(MWh-a) with the movement toward Min. impact solution. While under
control (B), a reduction in the seasonal storage tank volume is indicated by around 2.2 m3/(MWh-a) for all
the optimal configurations except for the Min. cost solution. On the other hand, significant changes are
reflected in terms of the thickness of the insulation materials utilized in the SST. When the control (B) is
used, the required thickness of the insulation for the roof, walls, and ground is reduced for all the Pareto
optimal configurations. In case of the Min. cost solution, a thickness of around 0.3 m is selected for all SST
walls under control strategy (A), whereas it is reduced to around 0.13 m under control strategy (B).

Regarding the SST construction, the material that exhibits superior performance in all the scenarios is found
to be UHPC. In addition, all the surfaces of the SST select foam glass gravel for the insulation purpose.
However, as damage limitations increase, mineral wool is chosen over foam glass, which has a lesser
environmental impact. The SST aspect ratio HDR shows limited variations. The auxiliary heater used in the
SH distribution circuit is operated less under control (B) which implies less consumption of natural gas. In
addition, the DHWT parameters, as well as the auxiliary in the DHW distribution circuit, assume almost
constant values under both the proposed control settings.

6.2.1. Cost performance analysis

To perform a comprehensive economic analysis of the proposed SDHS+HP integration, Fig. 9 shows the
contributions of investment costs, operational, and replacement costs to the LCOH by different components.
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Fig. 9: Breakdown of the LCOH including the shares of initial capital cost, operational cost, and
replacement cost for Pareto optimal solutions under HP control strategy (A) and (B) at the five optimal
scenarios in comparison to baseline 1. These solutions cover the SH and DHW demands of 10 residential
buildings located in Madrid.

By comparing the two-control settings (A) and (B) against the baseline 1 solution, it is observed that the
capital cost represents only 1.02% in the baseline 1. While under (A) and (B), the capital cost increases
significantly, responsible for up to 65% of the LCOH in case of the Min. impact solution. This high
initial investment cost is expected owing to the utilization of solar energy and seasonal thermal energy
storage as a heat source in the district heating system. This may be seen as one of the critical barriers to
boost the market rollout. The optimal solutions show a noticeable variation from scenario 1 to 5 (from Min.
cost to Min. impact), where the SST has the highest share in the LCOH, up to 40% in both (A) and (B)
control strategies. The capital cost requirements for the SST decreases relatively under the settings (B),
which can be attributed to the reduced thickness of the insulation materials used for the SST. Secondly,
the investment cost for the heat pump also falls because of the less capacity requirement under (B) where
it represents only around 2% compared to 12% in control (A) at the Min. cost solution. The composition of
operation cost shows larger shares of natural gas cost under setting (B) compared to (A). This happens
since the auxiliary heater is operated more frequently to supply SH with the SST being at a low-temperature
level. The replacement cost for the solar collectors shows a similar distribution in the optimization setting
(A) and (B). The heat exchangers account for a marginally higher cost of replacement in (B) when the
threshold for the environmental damage is increased. In contrast, the replacement cost for the heat pumps
is higher in (A) due to its higher capacity.
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Fig. 10: Cost breakdown for the SST under two different control systems in different damage scenarios.

Since the largest share of capital costs is associated with seasonal storage, it is worth evaluating how the
heat pump affects the SST construction and insulation material requirements. As shown in Fig. 10, the
majority of the cost is due to the construction material required for the SST. In the case of the minimum
cost solution, SDHS with a heat pump featured a higher amount of construction material and less insulation
for the roof, wall, and ground when operated under control (B) compared to (A). The values tend to increase
moving towards Min. impact solution. This change is expected since the insulation material, which can
produce a minimum environmental impact, is relatively expensive. The solutions under control (A) require
even more insulation material to minimize the environmental impact.

6.2.2. LCA performance analysis

A detailed analysis of the Pareto fronts in terms of the aggregated ReCiPe 2016 in comparison to the
baseline 1 for the different damage scenarios is presented in Fig. 11. In the baseline 1, the consumption of
natural gas is responsible for almost 100% of the total impact. For the SDHS +HP configurations, the most
significant impact contributors in both (A) and (B) are the solar collectors, natural gas, and seasonal storage
tank.

In the case of control strategy (A), the natural gas is responsible for 66.6% and 44.6% share of total
environmental impact for scenarios 1 and 2, respectively. When control (B) is applied, the impact of utilizing
natural gas as a primary fuel is more prominent since it represents 75.23%, 49.3%, and 21.31% for
scenarios 1, 2, and 3, respectively. Moreover, it reduces to a negligible share as we increment the
environmental limits (scenarios 4 and 5). Concerning the environmental damage due to the renewable
energy technologies used in our SDHS model, the impact of the solar collector increases significantly from
22% in scenario 1 to 70.9% in scenario 5 under the control setting (A). In the case of control (B), it increases
from 16.7% to 75.4% (scenarios 1 to 5) as well. It can also be observed that the damage due to the SST
shows similar patterns as the collectors. Since the types of construction materials used for the SST were
included in the optimization process, its contribution to the total environmental impact has been reduced
which is clear from the scenario 4 and 5 in control (A) and scenario 5 in control (B). The impact of the heat
pump integrated to SDHS is more prominent under the scheme (A) compared to that of (B) because of its
higher fractional capacity. It is evident from Fig. 11 that the consumption of electricity by the heat pump
causes negligible environmental damage since the share of impact due to the consumption of electricity
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from the grid used to operate the heat pump and the other flow circulation pumps in the SDHS shows the
equal distribution in both solutions. This also confirms the importance of the solar collectors, storage tank,
and heat pump operating together to reduce the consumption of non-renewable energy sources. This type
of analysis could be helpful in determining which carbon tax levels would be needed to push the market
towards more renewable technologies.
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Fig. 11: Breakdown for the aggregated ReCiPe 2016 of Pareto optimal solutions at different damage
scenarios for the HP integrated with SDHS applied at control (A) and (B) in comparison to the baseline.

To track the environmental effect of combining heat pump with seasonal storage in a SDHS, Fig. 12 displays
the breakdown of the aggregated RCP value for the storage tank under control strategy (A) and (B). The
construction of the SST leads to a considerable share of impact; nearly 100% in scenarios 4 and 5 under
control (A) and scenario 5 under control (B), which depends on the optimized capacity of the tank. On the
other hand, the influence of various insulating materials used in the SST wall, roof, and ground in (A) is
67.4% in scenario 1, 51.9% in scenario 2, and 54.5% in scenario 3. In the case of control (B), the impact
due to the insulation slightly reduces to 43% in scenario 1, 44.2% in scenario 2, and 48.2% in scenario 3.
The optimization methodology selects the minimum value of the insulation material with minimum impact
when we move towards the minimum impact solution. Therefore, in scenarios 4 and 5 under control (A) and
scenario 5 under control (B), virtually zero environmental effects are caused by SST insulation.
Consequently, the control scheme (B) appears to be marginally advantageous in terms of produced
environmental impacts.
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Fig. 12: Breakdown for the aggregated ReCiPe 2016 for the SST at different control strategies under
different damage scenarios.

6.2.3. Energy performance analysis

Fig. 13 presents the values of the energy performance indicators achieved by the combination of SDSH
and HP with control strategy (A) and (B). As seen from the figure, both (A) and (B) provided almost similar
results for no,with the change in scenarios except for the minimum cost solution. This shows a pleasant
correspondence with the previously mentioned values of the solar collector area and the highest value of
NcoL(72%) obtained in the scenario 1 under control (B) when the size of the collector field assumes the
smallest value.

The efficiency of the DHWT npuwris very high (around 97%) for all scenarios since it is used as diurnal
storage in the district heating network with a limited heat loss to the environment. Regarding the
performance of the space heating circuit, under control (A), values of ngsr remain almost alike following the
heat loss from the SST throughout the environmental damage scenarios, as seen in Fig. 13. On the other
hand, the overall heat loss coefficient of the SST in control (A) initially increases and then decreases. At
the same time, in control (B), it diminishes consistently with increasing the limit of damage to the
environment. This is due to the optimized geometry and materials used for the construction and insulation
of the SST. The highest efficiency obtained for the SST is 92% for the Min. impact solution under control
(A), which also has the minimum value of heat loss coefficient (0.075W/m?). The efficiency of the storage
is compromised under control (B) since this control setting uses the heat pump to stabilize the storage
temperature reducing the use of insulation material for the SST, which in turn increases the heat loss. In
terms of the solar fraction, it is improved from 79% in control (A) to 86% in control (B) under Min. cost-
optimal scenario. For the rest of the scenarios, the SF;;,,q rises progressively with the increment in the
environmental damage limits approaching almost 100% for the minimum impact solution. This can be
explained with the expanded installation of renewable energy equipment in the district heating sector. The
seasonal performance factor of the heat pump shows improvement under (B) compared to (A) when we
look into the scenarios 1 to 3. The highest value of SPF,p is 6.01 for the minimum cost solution in (B).
However, when the methodology aims for the minimum environmental impact, the efficiency of the heat
pump is compromised.
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The next step in this analysis is the evaluation of the proposed design of SDHS operating under the superior
control system (B) in comparison to a previously examined SDHS configuration without heat pump
(Baseline 2) as presented by Abokersh et al. [42].
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Fig. 13: Thermal performance indicators for the optimal Pareto solutions of SDHS under HP control
strategy (A) and (B). These designs satisfy the SH and DHW demand of the 10 residential buildings
located in Madrid.

6.3. The effect of integrating HP into SDHS

The Pareto optimal solutions under control (B) are compared with the results from Abokersh et al.
[42](baseline 2) to establish the value addition made by the integration of the heat pump to SDHS while
covering the SH and DHW demand of 10 residential buildings located in Madrid to achieve the 4GDH goals.
It was observed in Fig. 14(a) that coupling of a heat pump in between the solar collector and the seasonal
storage tank could result in better cost-effectiveness for the SDHS network. The new configuration reduced
the LCOH from 62.5 €/ MWh to 59.1 €/ MWh (5.44%) in the case of the Min. cost solution. This is followed
by the rest of the Pareto optimal solutions, which are also marginally cost-beneficial. Besides, the payback
period of the new system configuration is significantly reduced under all damage scenarios. The Min. cost-
optimal solution with the heat pump added to the SDHS has the lowest value of the payback period, i.e.,
26 years in comparison to the baseline 2 scenario. However, this still very high payback period is due to
two main reasons; firstly, the low natural gas prices [72] which keep the operational cost of the natural gas
boiler a competitive solution with the SDHS. Secondly, all the optimal solutions of the SDHS have a high
solar fraction above 85%, which is the cause of a high investment cost due to the extensive usage for
renewable energy components. Since the system lifetime is assumed to be 40 years, the Min. cost solution
seems reasonable to adapt to implement the proposed SDHS with the control system (B) as a 4GDH
system.
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Fig. 15: Thermal performance indicators for the optimal Pareto solutions for HP integrated with SDHS
under control strategy (B) in comparison to baseline 2.

Based on the comparison presented in Fig. 15, one can observe that the thermal efficiency of the seasonal
storage tank in SDHS +HP is higher than that of baseline 2. The heat pump enhances the value of n¢s by
5% in damage scenario 1, 7.8% in scenario 2, 14.2% in scenario 3, 13.4% in scenario 4, and 8.3% in
scenario 5 compared to baseline 2. Regarding the overall solar fraction of the system, only the Min. cost
solution with an integrated heat pump shows a slightly higher value of SFy;,,4,(86.1%) than the baseline 2
(84.4%). All other optimal solutions (scenarios 2 to 5) have marginally less value of SFg;,,,, and remain
energetically competitive with the baseline 2 configuration. Therefore, if the Min. cost solution of the SDHS
has to be chosen to establish the economic feasibility of a 4GDH network, the incorporation of the heat
pump into the SDHS and seasonal storage with optimal control (B) proves to be a better decision in terms
of energy efficiency as well.

The above analysis of the comparison between the HP integrated SDHS under control strategy (B), and
the baseline 2 (without heat pump) shows again that the minimum cost solution is a favorable choice
considering economic, environmental and energy performance. Hence, finally, we compare these two
configurations using the optimized values of the decision variables in both cases, as shown in Table 3. In
the heat supply circuit, by adding the heat pump, a reduction of 12.9% in the collector area is achieved
compared to the baseline 2. This indicates that the heat pump is able to bring down the SDHS temperature
levels to operate as a 4GDH and subsequently reduces the requirement to add more insulation materials,
as shown in Fig. 16.

Concerning the SH circuit, the volume of seasonal storage is increased from 4.96 m3/(MWh-a) to 5.58
m3/(MWh-a) (11.1%). However, the requirement of insulation materials is reduced significantly for the roof
by 76.9%, 50% for the sidewalls, and 71.4% for the bottom of the SST due to the rule of the heat pump in
reducing the SST temperature level. This reduction is reflected in the investment cost. This is followed by
the change in the SST aspect ratio from 0.68 to 0.64. The optimization methodology selects the same type
of materials for the construction and insulation of the SST. The heat pump did not have an impact on the
size of the auxiliary heater required in the SH circuit as a backup. To supply the DHW demand using the
HP+SDHS, the auxiliary heater is used more often than the baseline 2. This leads to an increase in terms
of its fractional capacity (0.34 to 0.41) due to the limited capacity of the HP. The required volume of the
DHWT remains the same, although the aspect ratio of the tank has differed.

The investment cost is reduced to 2.15 million Euros from 2.24 million Euros for the SHDH system equipped
with the heat pump in the presented optimization results. The additional investment cost due to the heat
pump does not affect the SDHS configuration. Instead, it helps to improve the overall system efficiency by
lowering the capital investment on the solar collectors and the seasonal storage by 4% as compared to
baseline 2. Furthermore, the operation cost is also decreased in the current study by 11.2% because of the
lower operating temperatures yield. However, the replacement cost increases due to the use of the heat
pump over the system lifetime.

Table 3: The Pareto minimum cost-optimal configuration and its relative cost breakdown for the HP
integrated SDHS under control strategy (B) in comparison to baseline 2.

Circuit Name Parameter Unit Baseline 2  Control (B)
Heat demand (MWh-a) 1913.4 1913.4
AcoL m2/(MWh-a) 0.54 0.47
Decision variables Supply Circuit BcoL 0 45.4 47.3
NcoL - 4 4
FChp - - 0.17
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HDR m/m 0.68 0.64

droof m 0.52 0.12

dwall m 0.30 0.15

SH circuit dond m 0.42 0.12
Acon W/(m-K) UHPC UHPC

Ains W/(m-K) FG FG

Ains gna W/(m-K) FG FG

FCaux1 - 0.10 0.10

VDwWHT m3/(MWh-a) 0.12 0.12

DHW Circuit HDRphwT m/m 1.80 1.63
FCauxz - 0.34 0.41

Investment cost Cc Million Euros 2.24 2.15
LCOH parameters Operational cost Co Million Euros 1.87 1.66
Replacement cost Cr Million Euros 0.67 0.69

Additionally, Fig. 16 shows the differences in temperature profiles within the solar thermal collectors and
the seasonal storage tank over a year. Adding the heat pump under control strategy (B) has helped to keep
the temperature low for the collector, especially during September, and it never exceeds 80°C. In contrast,
it goes up to 104.5°C at baseline 2. Furthermore, the temperature inside the storage is also reduced to
85.4°C in October compared to 87.6°C in baseline 2. This lowers the temperature difference between the
heat source (collector) and the heat sink (storage) for the heat pump resulting in a higher value of SST
efficiency as well as a higher HP seasonal performance factor.

MMy

Temperature(°C)

Jan Feb Mar April May June July Aug Sep Oct Nov Dec
Month

Baseline 2: —0—T., [ T,
Setup(B): —@—T,,, [ Teer

Fig. 16: The monthly temperature profiles of the solar collector field and SST for the HP integrated with
SDHS under control strategy (B) in comparison to baseline 2 for the minimum cost-optimal solution.

6.4. The impact of heat pump and seasonal storage in SDHS for reaching 4GDH targets

This section aims to answer the research question about whether the proposed configuration of SDHS
enhanced with seasonal storage and heat pump for a district heating scenario can fulfill the target
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characteristics of a 4GDH system. The selected KPIs are based on the perspectives of three key
stakeholders of district heating, as explained in section 3.4 and derived as a percentage of the target value
of a 4GDH system for the minimum cost configuration of the SDHS among all the Pareto optimal points.

It is evident from Fig. 17 that the energy KPIs have the potential to reach the 4GDH goals. Due to the
implementation of the solar thermal collector with seasonal storage and heat pump technology using an
optimal control strategy (B), the share of renewable energy, i.e. the solar fraction has been able to reach
86.1% of the total heating demand. This minimizes the use of fossil fuel for district heating and thus
promotes a transition towards a low-carbon system. The coupling of the heat pump in order to directly
supply the storage has resulted in a very high value of SPFy, (6.01), although it is operated for small
durations. This complies with the KPI target value by 100%. The temperature barrier for low-temperature
district heating appears to be removed since the supply and return temperature in the proposed SDHS is
maintained at 50/30°C. This is in line with the target temperature range of the 4GDH network by 80%, which
is a major feature to be present in a 4GDH system. Concerning the seasonal storage integration into 4GDH,
the temperature inside the storage tank is at 93.2% of the desired value. Nevertheless, the proposed model
has been entirely successful in keeping the collector temperature low. The efficiency of the storage is found
less than the expected level due to the heat losses to the ambient. Overall, the technical suitability of the
SDHS model is established to transform into a 4GDH system.

The financial KPIs in our study (LCOH) have shown that the cost at which the system must supply heat to
the customers at 50°C is reduced by 34.2% compared to the local heat price for the natural gas-based
district heating system. The reduction in the payback period is estimated to be about 35% as well. Hence,
the SDHS carries potential economic benefits over the traditional district heat supply to be operated as a
4GDH for each potential district heating investor. This also highlights that the usage of low-temperature
heat sources does not have financial disadvantages for the potential expansion of district heating networks
into 4GDH. However, it calls for long-term financial commitments to become competitive.

When it comes to environmental impact and the policy decision-makers, the corresponding KPIs
(RCP and GPBP) reflect that SDHS can be successful in reducing the adverse environmental effects of the
natural gas-based conventional system by 82.5% while delivering energy for 40 years of operational
lifetime. Therefore, the proposed configuration of SDHS can help to transform into a future 4GDH producing
a minimum carbon footprint. It also highlights the importance to orchestrate policies for deploying
technologies as renewable as possible for building district heating systems in the future.
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Fig. 17: KPI achievement rates for the HP integrated with SDHS under control strategy (B) as a part of
the 4GDH target.

The overall discussion with KPIs thus indicates that the SDHS model presented in this study can
successfully integrate low- temperature renewable heat source, i.e., solar thermal with seasonal and short-
term storages with the help of an intelligently controlled heat pump. These technical improvements result
in significant economic and sustainability motivations for the concerning stakeholders as compared to the
traditional heat supply structures. Therefore, this configuration can be implemented as a 4GDH system in
the future district energy systems.

With respect to potential district heating systems stakeholders, the KPIs mentioned above will allow them
to have a better understanding of the business assets and to make informed decisions. For every KPI,
however, not all the stakeholders have the same priority. DH companies interested in improving the thermal
network would be more concerned about the energy and economic KPIs of 4GDH. The importance of
environmentally friendly DH technologies typically goes unattended by both network operators and
consumers at present. The environmental KPIs, however, provide the policymakers with valuable insight to
encourage large-scale DH infrastructures. Furthermore, there may be incoherence between state and local
governments with respect to energy policies. For this reason, it is expected that the introduction of
sustainable technical solutions such as SDHS and transition towards the 4GDH would yield better results
when local legislative authorities and DH operators/owners work together.

7. Conclusion

This paper tends to optimize the performance of a heat pump (HP) enhanced solar assisted district heating
system (SDHS) with seasonal storage to facilitate space heating (SH) and domestic hot water (DHW)for a
hypothetical urban community located in Madrid, Spain. A multi-objective optimization methodology based
on an artificial neural network (ANN) model is adopted through TRNSYS simulations. The objectives that
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are minimized in this study are cost and aggregated environmental impact while maximizing the energy
efficiency of the SDHS model. Two different control strategies are applied to investigate the scope of
improving the system stability and overall performance of the network to promote SDHS for implementation
as a 4 generation district heating (4GDH). To compare the performance of the proposed system, two
baseline scenarios are presented; the conventional heating systems based on natural gas and an optimized
SDHS model without integrating the heat pump. The following is a summary of our study's principal findings:

¢ The ANN model prediction is found to be highly accurate and hence used in our study to train and
predict the performance of the SDHS model.

e Compared to the traditional district heating system fuelled with natural gas, the estimated Min. cost-
optimal solution for the configuration SDHS + HP achieves significant economic and environmental
benefits. Under the control system (A), the life cycle cost is reduced to 72.1 €/ MWh from 90.3
€/MWh while the environmental impact reduces by 80.6%. These values reduce further to 59.1
€/MWh and 82.5% when the control system (B) is applied. Also, control (B) has been able to
outperform control (A) in reducing the consumption of grid electricity by the SDHS by 90%.

e Similar to the economic and environmental results, the energy efficiency of the solar thermal
collectors and the solar fraction of the proposed configuration is higher when SDHS is operated
under control setting (B) as well as the heat pump has a better seasonal performance factor. The
efficiency of seasonal storage is decreased by 17.5% due to the increased amount of heat loss
from the storage tank in comparison to control (A). Furthermore, the annual thermal energy profiles
of the Min. cost Pareto optimized solutions show that the optimal control strategy (B) can build a
better balance between the different heat sources, i.e., the solar collector, storage tanks, heat pump
and auxiliary heaters leading to stable performance of the system. This highlights the effectiveness
of control (B) to properly integrate a heat pump and seasonal thermal energy storage into a SDHS
so that overall efficiency is improved.

e The techno-economic advantages of adding a heat pump into the SDHS with the aid of control
strategy (B) is established further by comparing its performance with the second baseline system
(SDHS without HP). The SDHS+HP configuration remarkably reduces the solar collector area and
the SST insulation requirement, which causes the initial investment and operating cost to be
reduced. This allows a return on the investment within the first 26 years of the project lifetime. The
new configuration also lowers the temperature level of the collector and the SST, thereby raising
the SH efficiency and total solar fraction. Considering the environmental impact, the SDHS+HP
produces slightly lesser ecological damage. Thus, investing in a heat pump seems to be a smart
policy. The cost associated with the heat pump is compensated by improved energy, economic and
sustainable performance of the SDHS.

e The optimization methodology has resulted in several KPI scores for the SDHS, which are
consistent with the target KPIs of the 4GDH concept. The combination of the solar thermal with
seasonal storage for space heating along with a heat pump to stabilize the overall system
performance is close enough to a 4GDH. The supply and return temperature of the SDHS is
maintained at 50/30°C while covering 86.1%o0f the heat demand using renewable energy. Finally,
it shows that even if the initial cost of introducing a SDHS+HP system may look like a financial
bottleneck for investors, in the long run, this new configuration has huge potential to generate
revenue and as well as helping in decarbonizing the DH sector.

In conclusion, the presented research work shows SDHS assisted with HP can be an attractive energy
solution that can lead to substantial techno-economic and environmental benefits over conventional heating
systems if the influential design parameters are optimized using a smart control strategy. Furthermore, our
study highlights the suitability of the combined configuration of solar thermal energy, seasonal storage, and
heat pump as a 4GDH system. The results of this multi-perspective analysis can be used by the key
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stakeholders as a starting point to develop necessary business models. Future research should concentrate
on optimizing the architecture of the thermal distribution grid and improving energy efficiency at the end-
user. This will allow the full competitiveness of SDHS for the sustainable energy transition.
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