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Abstract: The European Union aims to reduce Greenhouse Gas (GHG) emissions by 55% before
2030 compared to 1990 as a reference year. One of the main contributions to GHG emissions comes
from the household sector. This paper shows that the household sector, when organised into a
form of prosumer microgrids, including renewable sources for electric, heating and cooling energy
supply, can be efficiently decarbonised. This paper investigates one hypothetical prosumer microgrid
with the model RES2GEO (Renewable Energy Sources to Geothermal). The aim is to integrate a
carbon-free photovoltaic electricity source and a shallow geothermal reservoir as a heat source and
heat sink during the heating and cooling season. A total of four cases have been evaluated for the
Zagreb City location. The results represent a balance of both thermal and electric energy flows within
the microgrid, as well as thermal recuperation of the reservoir. The levelised cost of energy for all
cases, based on a 20-year modelling horizon, varies between 41 and 63 EUR/MWh. On the other
hand, all cases show a decrease in CO, emissions by more than 75%, with the best case featuring
a reduction of more than 85% compared to the base case, where electricity and gas for heating are
supplied from the Distribution System Operator at retail prices. With the use of close integration of
electricity, heating and cooling demand and supply of energy, cost-effective decarbonisation can be
achieved for the household sector.

Keywords: microgrid; photovoltaic; shallow geothermal; geothermal heat pumps; techno-economic
analysis; levelized cost of energy; energy efficiency; decarbonisation; RES2GEO model

1. Introduction

Reduction of environmental pollution while ensuring sustainable development has
several key elements. The first stage is to diagnose the current state of industrial and
residential systems via evaluation of resource use and released footprints [1]. The other
elements also include appropriate targeting of the needs for heat and power supply [2],
as well as targeting power generation operation for a given local grid [3]. For thermal
applications, district heating and cooling systems in the European Union (28 countries) in
2019 reached an installed geothermal capacity of 5.5 GWth. Also, over 2 x 10° geothermal
heat pumps were installed in Europe as of June 2020 [4]. Sweden, Germany, France
and Switzerland are countries with the most installations of shallow geothermal (SG)
heat capture systems, accounting for 64% of all installed capacity in Europe [5]. Dalla
Longa et al. [6] project that the geothermal energy heat production would reach around
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100-210 TWh/y by 2050. Shallow geothermal energy in Croatia is relatively new, and the
exploitation of its potential started around 2008 [7]. It is estimated that the total energy
sourced by using SG energy in 2018 was 4.45 GWhth [8].

The ground heat exchanger is the main part of all SG energy systems. It is typically
connected to the heat supply system via heat pumps. A heat transfer fluid may circulate
through the ground heat exchanger in two ways. There are shallow horizontal systems,
where pipes are placed near the ground surface and arranged in ditches. The second type of
arrangement involves vertical boreholes of small diameter, which penetrate around 200 m
in depth. Which of these two types will be used depends on ground thermal properties.
Thermal testing of soil can be carried out in a laboratory or in situ. The most used in situ
test type is the Thermal Response Test (TRT) [9], which measures the temperature response
of the rock. Depending on the heating (and/or cooling) needs, TRT shows if the rocks
can deliver the desired amount of energy. Over the years, the thermal output of rocks
decreases [9]. Bu et al. [10] found that the average extracted thermal output during ten
heating seasons reduces by 7.77%. The decrease can be smaller with the use of a cooling
regime system during the summer, in which case the rocks can recover thermally. As a
follow-up on that research, He and Bu [11] developed an enhanced deep borehole heat
exchanger that allows more than doubling the heat extraction compared with the initial
benchmark design.

During the production from shallow geothermal, the heat content decreases. The
recovery process begins when production is complete. Natural forces, such as pressure and
temperature gradients, drive the recovery. In the beginning, recovery is strong and slows
over time. Theoretically, the original state will be re-established after an infinite amount
of time.

According to [12], reservoir recovery depends on the purpose of the shallow geother-
mal reservoir. If utilisation was only for electricity generation (high-enthalpy reservoir),
95% recovery of the original amount of heat will be reached after several hundred years; for
district heating (doublet system) recovery of 95% takes approximately 100-200 years; and
for a decentralised shallow HP system, time for 95% of recovery is approximately equal to
the production time (e.g., 30 years of production needs 30 years of recovery).

Advanced heat recovery can be obtained via thermal battery storage with water as the
medium. Seyam et al. [13] designed a hybrid energy system consisting of PV, geothermal
loop (300 m length) and thermal battery storage with 9463.53 kg of water for heating (and
cooling) residential buildings in Canada. The study showed that 9 kW of heating load
could be provided with thermal battery storage to a condenser that increases the water
temperature by 10 °C.

According to the World Bank [14], it is predicted that by 2030 almost 60% of the
world population will live in urban areas, following the share of over 55% in 2019. A
higher concentration of people means more intensive energy consumption. It is necessary
to reduce the consumption of fossil fuels, especially in urban districts. The European
Commission [15] has developed climate strategies and key targets for 2030, aiming to cut
the greenhouse gas emissions by at least 40% from the 1990 levels by achieving at least 32%
share for renewable energy and at least 32.5% improvement in energy efficiency.

To fulfil those targets, it is necessary to plan new urban areas and reconstruct existing
ones in a way that includes usage of various renewable energy sources—allowing for com-
binations. Shallow geothermal energy, combined with solar photovoltaics (PV) (with or
without battery), is one of the promising solutions. Schiel et al. [16] developed a method for
utilising SG energy for space heating and hot water using a single borehole for lower heat-
ing energy demands in residential applications. Using Geographical Information Systems
(GIS) can help to identify areas with high intensity of solar insolation that can be suitable
for such an energy mix. That idea was further used by Walch et al. [17] for developing
a method for quantification of the technical potential of shallow geothermal sources at a
regional scale, as well as by Ramos-Escudero et al. [18]—already to the continental scale
of Europe.
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Microgrids are energy network arrangements [19] that can enable providing a suitable
renewable energy mix [20] for serving residential demands—including for geothermal-
based heat pumps. A microgrid forms a cluster of load demands and micro-scale power
sources (<100 kW) operating as a single controllable system capable of providing both
power and heat to its local area [21]. Power can be generated by solar panels, wind
turbines, Combined Heat and Power [22]. Newer microgrids have energy storage, typically
consisting of electrical batteries, and can also have electric vehicle charging stations [23].

As of 2015, the world leader in installed microgrid capacity [24] is China, with 153 GW
in 2014. In the European Union, Germany has an installed capacity of 85.8 GW, Italy
32.1 GW and Spain 31.7 GW. No specific regulations and policies are formulated on the
utilisation and deployment of distributed energy generation and microgrids in the EU.

Geothermal energy is utilised via wells of various depths and different arrangements
of the operating units. According to [25], the systems are based on the following classifica-
tions:

e  Depth of the geothermal reservoir: shallow (<300-500 m), intermediate (<3-5 km),
deep (further depth levels);
e  Generation type: power generation, direct heat use, geothermal heat pumps.

Vieira et al. [26] have investigated the thermal and mechanical properties of soil.
They developed an experimental procedure following steady-state and transient methods,
comparing the results. The authors reported significant differences between laboratory and
field-testing results, concluding that further developments are necessary for constructing
reliable parameter identification methods.

For making regional and infrastructure-related decisions, mapping the shallow-
geothermal heat potential is very important. A general method for performing this activity
has been published by Casasso and Sethi [27]. They have illustrated the method on the
SG mapping of the Piemonte region in Italy, identifying up to 12 MWh/y heat extraction
potential from boreholes in the plain part of the region. That work follows up on a more
thorough study from 2007 [28] that has studied the geographical potential for SG heat
exploitation, which explores the depth alongside the surface coordinates as factors. A map-
ping of the available SG potential for the city of Vienna has been recently published [29].
The authors reported that up to 63% of the city heating demand could be covered by the
available potential. No specific heat flows or temperatures are quoted in the article, but a
link to the raw data sets is provided. Those works have been complemented by an updated
database [30] of ground thermal properties for Ground Source Heat exchangers and Pumps
from European regions—including Italy, Croatia, Germany.

A thorough review of the state of the problems and the legislation in selected countries
have been performed by Somogyi et al. [31]. They have suggested the development of
a unified methodology for the assessment of SG systems on an enthalpy basis. A major
conclusion of the study is that the legislation generally lags significantly behind the research
results and not taking advantage of them, accompanied by a lack of a systematic regulation
(as of the time of publication). An interesting finding is that only German regulations
required numerical assessment for proving the design credibility. The suggested technology
development options also include the use of solar heat for the regeneration of the heat
content of the ground.

Cai et al. [32] presented and demonstrated an analytical model for predicting the
thermal response in boreholes with groundwater advection. The model was validated and
demonstrated on case studies with various configurations, identifying tangible benefits
from exploiting sites with multiple boreholes.

The feasibility evaluation of long-term intensive SG utilisation is described by Meng
et al. [33]. The authors described a 24-year-long comprehensive investigation of joint
exploitation of an SG heat source with multiple boreholes. They concluded that even
intensive exploitation of the source is feasible for the long term, subject to variations in the
efficiency of the installations in time and with the underground water flow direction. The
performance deteriorated with time and stabilised, and downstream installations tend to
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get lower-temperature heat source. These concerns indicate the need to combine the SG
heat source with a solar thermal capture installation for the restoration and rehabilitation
of the ground heat source. Those results are corroborated by a shorter-term measurement
study for the area of Cologne in Germany [34].

An evaluation of an SG energy source for combined heating and cooling applications
in residential areas has been performed for the climate of Beijing [35]. The authors have
developed an operating policy that allowed to extend the annual period without air
conditioning by 34% and realise nearly 30% energy savings compared to a conventional
ground-source heat pump system.

An interesting installation that increased the heat capture rate has been proposed by
Sofyan et al. [36], exploiting a combined vertical-horizontal heat exchanger. The authors
provided a comprehensive analysis of the possible operating policies. From that, the
enhanced performance of the combined heat exchanger in a series mode that alternated
horizontal and vertical parts operation achieved the highest heat transfer rate, which can
be explained by allowing the surrounding soil to recover the thermal potential when one
of the heat exchanger parts is out of operation.

The technical and cost performance change from improving the thermal properties of
the borehole heat exchangers have been evaluated for a Croatian case study [37]—with a
site located near the capital Zagreb. The evaluation reported that the enhancements are not
beneficial. The main reason for this was found in the low thermal conductivity of the soil
at the experimental site, and it was recommended to use thermal enhancement retrofits
only for sites with soil conductivity above 2 W/(m x °C).

The long-term planning for safe operation also includes the evaluation and the opti-
misation of the reliability, availability and maintenance of the involved heat exchangers, as
shown in [38]. The soil properties and the operation of the SG heat capture system are also
closely related to the hydro-chemical properties of the groundwater [39]—especially the
solubility of the various minerals and the potential for scaling. The authors of that study
concluded that, at lower depths, scaling of Ca-ion salts is very likely.

Kljaji¢ et al. [40] have evaluated the economic feasibility and the environmental
performance of a potential district heating plant based on a shallow geothermal source.
The case study site is from the north of Serbia. While the thermal and the economic
performance of the considered geothermal exploitation system was positive, resulting in a
payback period of 4.9 years, the Global Warming Potential and other indicators resulted in
poor performance, e.g., the Greenhouse Gas emissions almost doubled, which is explained
with the high share of coal in the Serbian grid electricity mix.

The review of the previous works reveals a pattern of tackling a wide spectrum of
issues related to SG heat exploitation. These include the following;:

Evaluation of the soil properties for aiding the SG system design

Regional mapping—by geographical coordinates and depth

Evaluation of the regional potential to cover local heating needs

Evaluation of the legislation and regulations across the EU

Operational issues—evaluation of thermal SG capacity replenishment and deteriora-
tion of underground sites, dynamic operation planning using SG sites as heat storage
e Intensification of the SG heat extraction via innovative heat exchanger design and
borehole design adjustment

Maintenance and reliability issues related to scaling
Techno-economic-environmental feasibility evaluation of SG for district heating with
heat pumps.

These all are important issues, but their span and the published results clearly show
a significant further scope for improved system design and operation. In this context,
using solar thermal capture in combination with SG heat is an area that is still waiting for
significant advances, while it has clearly a good potential for utilising renewables at an
acceptable cost. Based on the analysis of the state-of-the-art, the current paper considers
the evaluation of the design and operation of residential Combined Heat and Power (CHP)
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systems, offering one possible implementation of the concept of Total EcoSites [41], while
maximising the utilisation of the captured solar and geothermal energy. The goal is to
evaluate the technical feasibility and the economic viability of the system.

This working hypothesis is that the use of geothermal heat pumps in combination with
renewable sources of electricity, such as PV, can be used for cost-effective decarbonisation
of the energy consumption of the household sector. With the integration of heating, cooling
and electricity demand and renewable supply, sustainable utilisation of the energy from the
geothermal reservoir can also be achieved with the low year-to-year thermal degradation
of the reservoir.

2. Materials and Methods

The overall method consists of the estimation of input data; calculation of heating,
cooling and electricity demand for the residential microgrid; multi-year simulation of the
microgrid with special emphasis on reservoir modelling and analysis of results. Input
data also contains the inputs for techno-economic analysis. In this paper, the RES2GEO
(Renewable Energy Sources to Geothermal) model is used for performing the system
evaluation. This is an in-house model, written in Python v.3.8 [42] for the current work and
presented in this section. The model takes as inputs the energy demands and environment
parameters. As an output, it estimates the use of primary energy and costs—operating
and investment. It can simulate multiple-year scenarios with sufficiently small time-steps,
balancing both electricity and heat flows within the microgrid system. The scheme of
the system is presented in Figure 1. The model is sufficiently detailed to incorporate
variable power supply from renewable energy sources as input parameters and flexible
heat production from shallow geothermal as an output parameter.
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Figure 1. Scheme of the microgrid system in RES2GEO model, DSO: Distribution System Operator.

The electricity and heat flows (supply and demand) are balanced on an hourly basis,
assuming pseudo-steady-state, defining a set of time slices within a specified time horizon.
The model considers the thermal inertia of the geothermal reservoir. While heating objects
and water circulations are modelled as lumped-parameter systems, a reservoir is modelled
as a distributed parameter system. The simulation time step is one-quarter of an hour, and
the results are recorded every hour.
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The coefficient of performance (COP) of the heat pump (HP) is modelled as a 2-nd
order polynomial with formula according to Ecoforest heat pump technical data [43]:

COP = 0.0029-EST? + 0.0958-EST + 3.3662 1)

where EST is Entering Source Temperature. During the heating period, EST is equal to the
temperature of the water from a reservoir, as calculated by the reservoir model, and during
the cooling period, it is assumed to be equal to 12 °C, i.e., this is return temperature from
the cooling object. During the heating season, the primary circulation circuit is between
the reservoir and the HP, and during the cooling season, the primary circuit is between the
cooling object and HP. Energy demand from the pump between the heating/cooling object
and the HP is neglected.

2.1. Modelling of a Shallow Geothermal Reservoir and a Borehole Heat Exchanger

The shallow geothermal reservoir is modelled as the concentric tubular shape that is
axially symmetric. Axial symmetry allows us to model the reservoir as a cake slice, i.e.,
2D slice (see Figure 2). The model is essentially a model with distributed parameters and
coupled with the model of the surface equipment. The role of this model is to capture phys-
ical processes influenced by the thermal inertia of the reservoir. In a reservoir, temperature
changes occur at a much slower time rate than changes in electricity and heat demand and
solar insolation.
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Figure 2. Schematic view of the reservoir and coaxial borehole heat exchanger.

Every 2D cell represents a control volume in which a heat balance is calculated for
every time step of the simulation. The heat balance states that time change of the energy
contained in the cell equals a net change of the heat rate through the boundary of the cell
(Equation (2)):

A(WATT) = Pin — Pout )

A positive heat rate denotes energy input, and a negative heat rate denotes an energy
outlet from the cell. Following the notation from Figure 2, where the initial and assumed
signs of heat rates are presented, the following equation can be written:

AU gt ps—ge—gon= X & ®

i=N,S,W,E
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The balancing is done between the nodes of the cells that are positioned in the geo-
metrical centre of the control volume of the cell. There are several types of control volumes
in the reservoir and borehole heat exchanger. Control volume cells containing only solid
matter are the ground itself, the grout and polyethene material of the coaxial borehole heat
exchanger (BHE). Control volume cells containing the fluid flux are the tube (downward
flow) and annulus (upward flow). Physical properties are assumed to be homogeneous
within the control volumes but can differ between control volumes. In more detail, the
upper equation can be written as follows:

A(mcT
(At b o Y LKA~ T) 4 guews(T— T) @)
i=N,S,W,E

conduction convection

The assumed positive sign of the heat flow and convective flow is presented in Figure 2.
The convective part of the equation exists only in the control volume with the fluid flow
streaming through it. These are control volumes in the downwards tube and upwards
annulus as a part of the BHE. For the calculation of the overall heat transfer coefficient k,
the thermal properties of each matter in the system have to be known. These are thermal
conductivities A, heat capacities ¢ and densities p for the soil/rock, bentonite, polyethene
and circulating water. Water is modelled as a perfectly incompressible fluid.

For the control volumes having both the convective and conductive part, the equation

is as follows:
A,
AT Zi—N,s,w,E{ (1+’5i + Qm,icw) (T — T)}

— a ' A
At pcV ©)

and for the cells having no convective flow, the previous equation takes the simpler form:

AT ZiN,s,w,E{ (%) (T; - T)}

Af pcV ©)

From Equations (5) and (6), it is seen that both the physical parameters of the matter
and geometrical parameters of the control volume, i.e., the mesh, are influencing the results.
The mesh is structured but not equidistant, and the mesh has to be sufficiently dense.
Physical parameters of the reservoir have to be properly selected, meaning that thermal
conductivity, specific heat capacity and density have to correspond to the specific location.
Due to the depths of the BHE reaching approximately 100 m, the physical properties can
be set to depend on the depth of the reservoir.

Equations can be written in the final form:

_ To+AtYinswe{KTi}
1+ At _nsweKi)

For each control volume, Equation (5) is set, and the resulting system of equations is
calculated with the linear solver linalg, a submodule of NumPy library [42]. The boundary
condition of the computational domain of the reservoir is Dirichlet-type and assumed to
be isothermal. The heat exchange with the reservoir can be calculated from the equation
balancing the heat flow between the boundary node and first node to the boundary:

@)

¢r = kipAp(Tp —T) (8)

2.2. Techno-Economic Analysis and Levelised Cost of Electricity and Heating Energy

In this paper, three types of cost are distinguished: Capital Expenditures (CAPEX),
Operating Expenses (OPEX) and capital cost. CAPEX cost is a derived indicator that tracks
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the annual payments on the total investment cost, multiplied by private equity. Investment
and CAPEX can be calculated from the equations:

Inv = va+CH+CHP+CP+CWell +Cfix (9)

CAPEX = Inv-xgq (10)
A loan can be defined as the rest of the CAPEX cost:

Loan = Inv-(1 — xg,) (11)

The loan is a part of the OPEX that is covered by the bank and therefore generates the
additional cost. Time series of principal and interest for a year i can be defined from PPMT
(Principal Payment) and IPMT (Interest Payment) Excel functions:

pri; = PPMT (r,{i}, Ny, Principal ) (12)
intj = IPMT (r, {i}, Ny, Principal ) (13)
The cost of capital is the total sum of interest payments over the years.

N
Interest = Z int; (14)
i=1

OPEX cost is the cost of imported electricity:

Ny
opx; = (imp — Cexp);pi; OPEX =) opx; (15)
i=1
where the price of electricity is escalated over the years:
pi=P-(1+d,)’ (16)

The cumulative cost over the years can be obtained by summing up all discounted

costs over the years:
Ny - it .

Ci= CAPEX+ Y. (pri; + int; iopxl)
i1 (1+4)

Levelized cost of energy (LCOE) is, by definition, calculated as discounted costs
divided by the discounted energy, summed up for a period of equipment lifetime or any
other reasonable time horizon. In this paper, both the electricity and heating energy is
discounted for a period of 20 y with a predetermined discount rate 4. LCOE is calculated
with the formula:

(17)

C
LCOE = ——4 (18)
ZN?/ Cdem
=1 (144)!
€dem = Cdem,el + Cdem,th + €dem,cool (19)

Energy demand is consisting of electricity, thermal and cooling demand. Since it is not
possible to distinguish the costs related solely to the cost of electricity and heat, a single
value of LCOE is calculated.

3. Setup of the Hypothetical Case Study

The case study represents a small residential area consisting of 20 houses. Each house
has a floor area of 250 m?. The heat demand is calculated based on the outside temperature
data for the year 2016 for Zagreb. Both electricity and heat demands are aggregated over
the twenty residential objects.
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energy [KWh]

The estimation of the hourly heat demand (net heat flux), is based on the normalised
distribution of the difference between the indoor temperature Tj,4,,, and the outdoor
temperature T,,140.r, the total residential area A;; and annual heat demand in kWh/ m?.
The algorithm is based on a report from the Heat Roadmap Europe project Stratego [44]
and is presented in the Supplementary Materials. The solution provides values of net heat
flux from heating and cooling g;¢;. The heating period is 7 a.m.-7 p.m. Heating is switched
on if the temperature drops below 20 °C and off if the indoor temperature rises above 24 °C.
Cooling is switched on at indoor temperature above 26 °C and off below 22 °C. Outside
of the heating period, heating is switched on if the temperature drops below 14 °C, and
switched off if the indoor temperature rises above 18 °C. The heating and cooling demands
can be derived from the net heat flux with simple relations (Equation (20)).

Gheating = max(qnet,0)

j 20
Yeooling = m”’l(qngt,()) ( )

The outdoor temperature was estimated using the platform for obtaining the energy
input data for PV—the Photovoltaic Geographical Information System (PVGIS) version
5 [45]. Annual heat demand per unit area is set to the value of 50 kWh/ m?2. The resulting
temperature profiles and heating/cooling demands are shown in Figure 3. All results are
presented for a period between 1st of April and 30th of March, with data taken as periodic
timeseries data based on Year 2016.

(a) Temperature profiles

inside temperature

- outside temperature
heating period

B cooling period

T T

(b) Net energy demand for heating and cooling

100

T T T T
2,000 4,000 6,000 8,000

time [h]

Figure 3. Temperature profiles and the resulting net heat fluxes; the plot for net heat flux is convoluted with the band of 8 h.

It is assumed that the system has a ceiling heating/cooling facility. Figure 3a shows
the temperature profiles of the interior and outside air, with heating and cooling periods
shaded in red and blue. The heating demand is approximately ten times larger than
the cooling, which indicates that the regeneration of the reservoir temperature during
the cooling season cannot be done simply with heat rejection from the cooling object.
Additional heating from the electric heater can be used to recover the reservoir temperature
during periods with excess power from the PV system. Figure 3b represents the net heat
balance of the interior air and the wall, that is an input to the energy balance. Positive
values indicate heating demands, and negative values indicate cooling demands.

The electricity demand for a single house is plotted in Figure 4, reflecting peak de-
mands. It is estimated by using the superposition of random bimodal distribution around
two peaks of 7 a.m. and 7 p.m. and variances equal to two. The electricity demand used as
an input to the model is demand from all appliances, excluding the electricity needed to
run heat pumps, pumps and electric heaters.
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Electricity demand
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Figure 4. Electricity demand for one year; the plot is convoluted with a band of 8 h.

The total energy demand of the microgrid is presented in Table 1. That includes all
houses in the microgrid by categories: heating, cooling and electricity demand, without
electricity demands which are part of the systems for heating and cooling, like heat pumps,
electric heaters and pumps. Heating demand is almost three times larger than electricity
demand and more than 10 times larger than cooling thermal demand.

Table 1. Energy demand parameters for the microgrid.

Heating Demand Cooling Demand ..
Parameters (Thermal) (Thermal) Electricity Demand
Total annual energy demand, MWh/y 281 30 81
Annual energy demand per area, kWh/y/m? 56.2 6.0 16.2
Maximum power demand, kW 158 71 31

The distribution of the production from the PV for the Zagreb area (Figure 5) is taken
from PVGIS 45 PV performance interactive tool. Mounting type is fixed with optimised
slope and azimuth angles and PVGIS-SARAH solar radiation database.

PV electricity supply per 1 kW-p of installed power
0.75 A ‘ ‘ —— PV production
= = gverage monthly
= 0.50 1 I \ i
SO | H | | \ ‘\“ I ! | HH (L lll' i A ALl
- T T et H LR L LR L
0.00 - I (e \ 1000000000000 00O OO e .

T
0

T T T T
2,000 4,000 6,000 8,000

time [h]

Figure 5. Distribution of PV electricity energy supply per 1 kW-peak of installed power.

The curtailment of the PV system is allowed, and all electricity produced from PV
must be utilised in the microgrid, exported to the grid or curtailed if there is no option to
use it or to export it. The net metering on an annual basis must be positive:

The actual production of the energy from the PV is obtained from multiplying the unit
distribution with the nominal power of the PV. The levelised cost of energy was calculated
with the following assumptions: 6% discount rate, 3% cost of capital, 10 y capital loan, 20%
equity. The subsidy is fixed at 2500 EUR, the cost of wells are 46 EUR/m, and all wells are
at 100 m of depth. The overnight cost of the project is 4000 EUR, and the installation cost is
65,000 EUR. The cost of equipment is: PV system is 790 EUR/kW, heat pump 660 EUR/kW,
electric heater 131 EUR/kW and the pump is 530 EUR/kW.
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4. Results and Discussion
4.1. Preliminary Testing

Due to the large number of possible system design combinations, the one-year simula-
tions have been performed initially to estimate the optimal configuration with respect to
the minimum overall discounted cost Cd and minimum annual change in temperature of
the reservoir AT. Design variables under consideration are installed PV power, installed
heater power and the number of shallow geothermal wells. All three variables increase
the CAPEX cost and cost of capital and decrease the OPEX cost. A total of 125 single-year
simulations have been performed, and the feasible solutions are presented in Figure 6.

Total discounted costs vs temperature degradation

4.0
3.8 1
o o o @c
® 0 000° 000 0 000 cooo
3.6 1
3.4 o feasible
v @ min—Cost
°-|:- @ min—dT
< @ no—RES-no-H
3.2 1 @ no-Reh
(] O"Qo@ 000 o 0 oo O oooo [VVvee)
3.0 1
2.8
o 630‘. 0co ° o6ow 0 oo 00000
2.6 T T T T T
0.35 0.40 0.45 0.50 0.55 0.60 0.65

Cy [10° EUR]

Figure 6. Discounted costs vs. temperature difference in a shallow geothermal reservoir for all system designs; unfeasible
designs are marked with crosses and feasible with circles.

Two feasible optima can be observed: the first one for the minimum discounted cost,
the min-Cost case, and the second one for a minimum degradation in reservoir temperature,
the min-dT case. For the reference point, the scenario with no heater and PV, the no-RES-
no-H case, as well as the case not including the reheat at all, the no-Reh case, are also
analysed. All four cases are summarised in Table 2.

Table 2. Four selected cases for further investigation.

Design Case HP Reheat Ppy, KW Py, kW Number of Wells-
min-Cost Yes 160 0 16
min-dT Yes 160 80 24
no-RES-no-H Yes 0 0 16

no-Reh No 0 0 16
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With the four selected cases, separate individual long-term simulations with a 20-year

time horizon have been performed. For these cases, a detailed technical and, together with
techno-economic analysis, is presented.

4.2. Time Series Analysis for the Selected Cases

Time-series analysis of the four selected cases, Table 2, is used to analyse the energy

flows. For the twentieth (20) year of the simulation, the time series and total annual energy
flows are presented in Figures 7 and 8. Input data for all long-term simulations are taken as
periodic timeseries data input based on Year 2016 and all results are presented for a period
between 1st of April and 30th of March.

min—Cost

50
04
-50 ] }
T T T T
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50 1 1 1
0 -
50 f
T T T T
168,000 170,000 172,000 174,000
no—RES—no—H
50
0 -
-50
]
168,000 170,000 172,000 174,000
no—Reh
-
50 7 = import
PV
0 - H
- HP
—50 ! ‘Pl
168,000 170,000 172,000 ., demand
time [h] m=m export
B RES curtailment

Figure 7. Energy balance in the last simulation year for all selected cases.

e [MWh]
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Annual energy balance for 20th year of simulation
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min—Cost min—dT no—RES—no—H no—Reh
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I demand s H

Figure 8. Decomposition of annual energy flow in the last (20th) simulation year.

In cases min-Cost and min-dT, the curtailment of the PV-power can be seen. Energy

flows are showing that the electricity produced locally from PV reduces the net import from
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the Distribution System Operator (DSO). Moreover, the locally produced PV electricity is
used for the operation of the heat pump and circulation pump, as well as a heater for the
case min-dT. Additionally, for this case, the curtailment of the PV electricity is lower. In the
no-RES-no-H and no-Reh cases, all electricity comes from the import.

The use of heat pumps for heating and cooling, as well as installed PV and heater,
change the electricity demand profile significantly (Figure 9).

min—Cost
50
0 -
T T T T
168,000 170,000 172,000 174,000
min—dT
50 +
0 -
L L T 1
168,000 170,000 172,000 174,000
no—RES—no—H
50 A
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L L T 1
168,000 170,000 172,000 174,000
no—Reh
50 —— el. demand
= exchange
0 -

T T T T
168,000 170,000 172,000 174,000

time [h]

Figure 9. Profiles of electricity demand and net electricity exchange in the 20th year for all four cases.

In the min-cost case (Figure 9), the electricity profile is significantly different since
there is an export of electricity produced inside the microgrid, which reduces the net cost
associated with the electricity exchange. For the min-dT case (Figure 9), the net exchange
looks similar to the min-cost case but with a higher import-to-export ratio which increases
the system cost. For the cases no-RES-no-H and no-Reh (Figure 9), electricity imports
are substantial during the heating period. For the case no-Reh (Figure 9), the electricity
demand is completely covered with imports. The simulation results show a drop in the
average reservoir temperature over the 20 y period (Figure 10).

Starting average temperature of the reservoir is 18.5 °C. The time series of the volume-
averaged reservoir temperature show seasonal oscillations. The amplitude of annual
oscillations is lower in the case where the heater is available for the use of freely available
PV electricity. If results are compared over the 20-y simulation time, all cases show that
the temperature drop is largest in the first year of the utilisation of reservoir heat and that
temperature drop becomes steadier in the last 10 y of simulation. The largest 20-y span
of average temperatures is between the cases min-dT and no-Reh—the first one having
a temperature drop of 2.4 °C, and the other 4.0 °C. The drop in the temperature of the
reservoir has, as a consequence, the drop in the heat pump performance since EST is lower
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than the case with reservoir reheating, and the heat pump uses more electricity for the
same thermal load.

min—Cost
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Figure 10. The volume-averaged temperature of the reservoir over the 20-y simulation, with annually-averaged values.

4.3. Techno-Economic Analysis Based on Long-Term Simulation Results

To demonstrate the runtime cost reduction resulting from the integration of renewables
into the microgrid, analysis based on a 20-year time horizon is performed for two selected
cases from Table 2. Technical analysis consists of energy flow analysis, and economic
analysis is made based on a decomposition of costs in both scenarios. Decomposition of
costs into CAPEX, OPEX and capital costs are compared in Figure 11.

Decomposition of costs shows that no-RES-no-H and no-Reh scenarios have lower
CAPEX cost, as well as capital cost, while having higher OPEX costs. The dynamics of total
payments, represented by cumulative discounted cost for the overall system (Figure 11a),
shows that cases min-Cost and min-dT have low operating costs since they import less
electricity from the DSO. On the other hand, these cases have higher capital costs for
PV systems (Figure 11b). Case min-dT has the highest capital cost, but in the analysis
of cumulative discounted payments, it stays below the no-Reh case during the whole
simulation period. On the 20-year simulation results, the overall costs for the min-Cost
case are 20% lower than no-RES-no-H cases, being the best and worst cases in this analysis.
LCOE values are 65 EUR/MWh for the no-RES-no-H and 45 EUR/MWh for the min-Cost
case. Table 3 summarises all the relevant results of the simulation.
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Figure 11. Decomposition of costs. (a) represents discounted cumulative costs over a 20-year period; (b) represents the

decomposition of undiscounted total costs by category.

Table 3. Technical and economic outputs from the 20-year simulation.

Design Case Net Electricity Exchange, Curtailment of the PV, An Overa:L":eRn;}s)eex(t;:e Drop of LCOE,
MWh MWh °oC ’ EUR/MWh
min-Cost 296 796 3.3 45
min-dT 268 748 24 50
no-RES-no-H 3320 0 3.3 65
no-Reh 3184 0 4.0 64

The results for LCOE can be compared with the cost of electricity and gas for the
alternative configuration having all electricity purchased from the DSO and heating from
the gas boiler. If the latest retail prices in Croatia are taken into consideration, prices of elec-
tricity are at 130 EUR/MWh and gas at 38 EUR/MWH, as obtained from Eurostat [46], then
the pondered overall LCOE for the import electricity-gas boiler alternative is 62 EUR/MWh
for the import of the energy alone, i.e., without the cost of installation or escalation of
prices. It has to be mentioned that Croatia has a reduced VAT for electricity and gas retail
market is regulated, which keeps electricity and gas prices still subsidised

4.4. Mitigation of CO, Emissions

After applying sufficient measures for reducing energy demands in the first place [47]—
in combination with process intensification [48], the integration of renewable electricity
from PV with geothermal heat pumps for heating and cooling is a good further step that
mitigates the emissions of CO, [49] acting as an alternative to 100% imported electricity
and using boilers for heating.

According to Croatia’s energy bulletin [50], the specific CO, emission factor from the
electric grid, based on final consumption, is 106 gCO, /kWh. If we take into consideration
all cases presented in this work (Table 4) and compare them to the alternative scenario with
a total of 20-year emissions as 1270 tCO,, then all cases reduce at least 72% of the emissions,
with the case min-dT reducing the emissions by 84%.
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Table 4. Estimated mitigation of CO, emissions.

Design Case

Total Imported Electricity,
MWh

Total Emissions from the
Grid, tCO,

the Alternative, %

Mitigation of Emissions Compared to

min-Cost
min-dT
no-RES-no-H
no-Reh

2080
1921
3320
3184

220
203
351
337

83
84
72
73

The cooling for the alternative scenario is assumed to be with the air-source heat
pumps with the estimated COP equal to 3.5, and specific emissions from the burning of
natural gas are approximately 220 gCO, /kWh-thermal. The efficiency of the natural gas
boiler is estimated at a value of 95%.

4.5. Sensitivity Analysis Based on the Uncertainty of Input Costs

Sensitivity analysis is done for five parameters determining the costs: the price of
electricity, investment cost for the most cost-intensive equipment being the HP, PV and
cost of shallow geothermal wells (drilling and borehole heat exchanger, both expressed per
meter of depth) and discount rate. The analysis is done for the +/—20% of the reference
values and presented in Figure 12.
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Figure 12. Sensitivity analysis of cost with the variation in electricity price, cost of heat pump, cost of PV, cost of well and

discount rate.

The most influential parameters for the min-Cost case is the cost of PV. The cost of
PV has a negative influence on the LCOE, but this influence is less than 10% if the cost
rises by +20%. For the min-dT case, the cost of PV and cost of a well are having a negative
influence of the same value, which is also less than 10% if they rise to +20%. The cases
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no-RES-no-H and no-Reh are showing similar results since they are similar by structure.
They both show high dependence on the price of electricity since the cost of electricity is
the main contributor to OPEX cost. The increase in discount rate has a positive influence
on LCOE, which is more visible in the no-RES-no-H and no-Reh cases since they generate
more operating costs even after the loan has been settled in the first 10 y of operation. The
break-even cost of electricity that would equate the LCOE’s of import electricity-gas boiler
case and the min-Cost case at the value of 65 EUR/MWh would be approximately 23%
higher than the current price and would stand at 160 EUR/MWh.

5. Conclusions

This paper presents the results of a long-term dynamic simulation of microgrid energy
balance, including the heating and cooling system with a high share of renewable energy
for the continental part of Croatia. A simulation was done with the model RES2GEO.
Results show that the integration of renewable and intermittent energy sources like PV
can be used for thermal recuperation of the shallow geothermal reservoir, resulting in the
higher seasonal performance of the system and reducing the energy consumption of the
heat pump. However, the case with the lowest thermal degradation of the reservoir is not
the optimal solution from the economic point of view since it requires more geothermal
wells, which increase the CAPEX and overall cost. The case with the lowest LCOE is the
one that has a high share of renewable electricity from the PV. The use of own PV electricity
in a microgrid that replaces the imported electricity is the most significant contributor to
the low LCOE since it replaces the more expensive imported electricity. The use of a heater
for thermal recuperation of the reservoir allows additional use of electricity and reduces
the curtailment, even though it comes with a high capital cost of extra wells and heater.
However, all cases are comparable with the alternative scenario in terms of LCOE. This
means that all cases have LCOE lower than 62 EUR/MWh, which is the operating cost for
natural gas heating and having electricity 100% imported from the DSO. Moreover, the
installation of PV changes the net exchange profile, as seen from the DSO point of view.
Results of the sensitivity analysis show that cases with the high import of electricity are
very sensitive to prices of electricity, while the case with minimum cost is more sensitive to
the price of the equipment, in this case, the PV.

Future work should include a Life Cycle Assessment for the use of PV in reheating
the shallow geothermal reservoir. Future work should also include the analysis of mutual
interference of geothermal wells since the subcooling of the reservoir with a larger number
of wells can deteriorate the overall COP of the heating. Future work should also be focused
on a more robust estimate of how to dimension the equipment, taking into account the
uncertainty of the input data, like Sun insolation, outside temperature and consumption of
electricity. In the end, since the use of equipment can be used for power-up and power-
down regulation of the grid, the use of a microgrid as a demand response system towards
the grid should be investigated. This role can significantly change the management system
originally presented in this work.
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Nomenclature

A area, m?

C total cost, EUR

c specific heat capacity, ] /kgK
d discount rate, %

e electric energy, kWh

H height of calculation domain (reservoir), m
Inv total investment, EUR

k overall heat transfer coefficient, W/m2K
L length, m

m mass

N number of years in analysis, -
p, P price, EUR/kWh

q thermal energy, kWh

r radius, m

T temperature, K or °C

t time, h

\% volume, m>

X ratio, -

Subscripts

B boundary

cool cooling

d discounted

E,N,S, W east, north, south and west orientation
el electricity

Eq equity

dem demand

exp exported

fix fixed part of cost (not elsewhere specified)
H heater

HP heat pump

i specific year

imp imported

m? per sq. meter

net netto

P pump

R reservoir

th thermal

tot total

w water

Greek letters

heat transfer coefficient, W/m?2K
distance, m

thermal conductivity, W/mK
density, kg/m?

heat flux, W

S 0O > R
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Abbreviations

BHE Borehole Heat Exchanger

CAPEX Capital Expenditures

CHP Combined Heat and Power

cor Coefficient Of Performance (heat pump)
DSO Distribution System Operator

EU European Union

EUR € (currency)

ELT Entering Load Temperature (heat pump)
EST Entering Source Temperature (heat pump)
GHG Greenhouse Gas

GIS Geographical Information Systems

GSHP Ground Source Heat Pump

IPMT Interest Payment

LCOE Levelized Cost of Energy

LLT Leaving Load Temperature (heat pump)
LST Leaving Source Temperature (heat pump)
OPEX Operating Expenses

PPMT Principal Payment

PV Photovoltaic

RES2GEO Renewable Energy Sources to Geothermal
SG Shallow Geothermal

TRT Thermal Response Test
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