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Abstract: Geothermal heating is considered to be one of the low-carbon-energy technologies for
building heating. Aiming at the problem that the operating cost and investment cost of geothermal
heating systems are still high, the conventional geothermal heating system coupled with energy
storage for office building heating is studied in this paper. Four operational strategy models of the
coupled system are established based on time-of-use electricity prices. A genetic algorithm is used to
find the optimal value of each decision variable using minimization of levelized cost of heat (LCOH)
as the objective function. The influences of electricity and equipment prices on the optimal values of
the decision variables are discussed. Four operation strategies are investigated. If only operating cost
is considered in the optimization, comparison shows that the best operation strategy is the one giving
high priority to use the energy storage tank for heating during the peak electricity period. However,
if the investment cost is further considered in the optimization, the best operation strategy is the one
using the energy storage tank for heat load peak-regulating. In addition, based on the minimization
of LCOH, an optimal energy storage ratio is found for each scenario, and suitable conditions of using
energy storage tank are discussed. The geothermal heating system coupled with energy storage
can have a good performance when the peak-valley electricity price difference is higher than CNY
0.566/kW-h (USD 0.0847/kW-h)* or the energy storage tank price is lower than CNY 900/m? (USD
134.64/m3). The results obtained from this study prove that the cost of geothermal heating systems
can be effectively reduced by choosing an optimal operation strategy and using an energy storage
device with an optimal energy storage ratio.

Keywords: optimization; geothermal heating system; energy storage; operation strategy; time-of-use
electricity prices; levelized cost of heat

1. Introduction
1.1. Background

With the continuous progress of science and technology, the energy consumption in
the building sector accounts for a significant share of global energy consumption, especially
in developed countries where it can account for one-fifth to two-fifths. In the building
sector, heating, ventilation, and air conditioning (HVAC) systems are the largest source of
energy demand, accounting for 50% of the sector’s energy consumption and 10-20% of total
energy consumption in developed countries [1]. In China, building energy consumption
also accounts for an important part of the total energy consumption. According to statistics,
in 2018, energy consumption of buildings (such as heating, refrigeration, ventilation, air
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conditioning, etc.) accounted for 21.7% of the total energy consumption in China, and
carbon emissions accounted for 21.9% of the total energy emissions in China. It is expected
that building energy consumption will surpass other energy consumption and rank first in
the total energy consumption by 2030 [2,3]. Therefore, strengthening the use of renewable
energy in buildings plays an important role in reducing greenhouse gas emissions and
mitigating climate change. Geothermal energy is a clean, sustainable, and large-reserve
renewable energy. It is produced and used in a way consistent with the wellbeing of
future generations [4], and is widely used in heating [5] and for other needs [6,7]. At the
same time, with the development of geothermal energy technology and the formulation of
geothermal heating planning, geothermal heating has great development potential in the
coming decades [8]. Exploration of an efficient and feasible geothermal heating system and
heating scheme is the basis and key for the wide application of geothermal heating.

Recently, The Ministry of Housing and Urban—-Rural Development of the People’s
Republic of China issued a national standard. It is clearly stipulated in the specification
that the temperature of water entering the geothermal well should not exceed 20 °C when
developing geothermal energy for heating [9]. The requirements of the code are conducive
to the full use of geothermal energy resources and make geothermal energy combined with
heat pump heating inevitable. As a heat pump is used in the heating system, it needs to
consume electricity during daytime heating, which will increase the peak load of the power
grid and may adversely affect the load efficiency of public power facilities and power
grid [10]. In addition, the characteristic of high electricity price during the day will cause
higher operating cost of the system. All these have posed challenges to the application
and promotion of geothermal energy. Therefore, the heating system needs an effective
operation strategy to stabilize power demand and reduce peak electricity consumption [11].
At the same time, a smart heating operation strategy will also reduce the cost and thus
achieve the promotion of geothermal energy heating systems.

1.2. Literature Review

Many studies on geothermal heating combined with heat pump utilization have been
carried out. The concept of a “ground source heat pump (GSHP)” was first proposed by
Zoelly et al. (1912) [12]. Because GSHP systems use geothermal energy to replace fossil fuel
consumption, air quality can be improved. Meghann Smith et al. noted that the incremental
costs associated with GSHP compared to other HVAC technologies are due to increased
drilling costs [13]. However, when GSHP systems are designed correctly, initial costs can
be recovered in the first 5 to 10 years of the total 20-25-year life of the system through
efficiency savings [14,15]. Urchueguia et al. [16] compared and analyzed the operation of a
GSHP system and an air source heat pump system in an office building in Spain. The results
showed that the coefficient of performance (COP) of the GSHP system was higher than that
of the air source heat pump system in both heating and cooling seasons. Spitler et al. [17]
analyzed a GSHP system in a new student services building at Stockholm University,
Sweden. The results showed that coefficient of performance can reach 3.7 £ 0.2 in the
heating season. Michopoulos et al. [18,19] studied the basic parameters and energy flows
of a GSHP system for a public building in the Thessaloniki area in 2007, and calculated
the energy demand of a typical one-family house in the area in 2009. Both results showed
that the renewable energy system with a ground heat exchanger had greater energy saving
than the conventional system. Xu et al. [20] compared GSHP heating with boiler heating in
Beijing residential buildings, and the results showed that GSHP had a large energy saving
value in the whole lifecycle, and with the decrease of the ratio of coal to electricity, the energy
saving contribution value of the heat pump will be more significant. Younes et al. [21]
analyzed the ground heat exchanger in the GSHP system, and concluded that parameters
such as inlet temperature and circulating fluid flowrate were important factors affecting the
system’s performance. Martinopoulos et al. [22] compared conventional heating systems
and found that GSHPs had lower costs after analyzing the operating costs for households
in European Union countries. D’ Agostino et al. [23-25] studied a system in which an earth-
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to-air heat exchanger was placed upstream of an air handling unit. By optimizing the heat
exchanger, they found that using an earth-to-air heat exchanger could significantly reduce
the total thermal power. In addition, with the Chinese government’s efforts to develop
geothermal energy, the medium and deep geothermal heat pump (MD-GHP) system has
gradually been used in China since 2005. The MD-GHP system has the advantages of
small formation pollution, high COP, and easy implementation, and has good application
prospects in the field of district heating [26]. However, more research on the MD-GHP
focuses on the simulation of ground heat recovery, and there are still deficiencies in the
overall heating system optimization.

Energy storage is a good choice to solve the problems of high peak load of power
grid and high operating cost caused by using heat pumps. At present, some scholars have
studied the heat pump heating system with the use of a water tank. Wangsik et al. [27] estab-
lished a heat pump heating system with a heat storage device, and discussed the influence
of two operation strategies, the heat storage priority method and the heat pump priority
method, under the condition of fixed water tank size. Brecht Baeten et al. [11] proposed a
model-predictive control strategy for heat pump heat storage and heating, and based on
a simulation model, studied the influence of space heating heat storage tank size under
different control settings on system load duration and user cost. Alexander Floss et al. [28]
discussed how to improve the efficiency of a heat pump system by optimizing different in-
tegration modes of heat pump and energy storage device. Jens Glembin et al. [29] studied
the operation efficiency of heat pump system coupled energy storage and proposed some
problems that should be considered in the design of a composite system. In addition, some
scholars studied the application of a geothermal heat pump system coupled with energy
storage. Lv et al. [30] found that the combined energy system composed of ground source
heat pump system and heat storage system can save more than one-third of the operat-
ing cost compared with the conventional ground source heat pump system. Qi et al. [31]
studied a water storage system for 67,000 square meters of commercial buildings in Beijing,
China. They concluded that the investment and the operating costs were reduced by 11%
and 13%, respectively, compared with the conventional GSHP system.

Some literature reports show that geothermal energy combined with a heat pump
heating system can provide higher performance coefficient, and the introduction of energy
storage devices can achieve lower operating cost. This shows that it is feasible to apply
thermal energy storage (TES) to a geothermal heat pump heating system based on the
characteristics of peak-valley electricity prices, and it will not reduce the efficiency of heat
storage system as do air source heat pumps at night when the electricity price is low [32].
Therefore, load redistribution can be better realized.

Most previous studies focused on the system of ground source heat pump combined
with energy storage device. There are few studies on the heating of the cascade utilization
of medium and deep geothermal energy coupled with energy storage devices, and the
research on the heating strategy and system design optimization seem weak.

Therefore, it is necessary to carry out an investigation of a medium and deep geother-
mal heating system coupled with energy storage for office building heating. In this study,
we propose such a coupled system with consideration of different scenarios. The aim of
this study is to obtain the optimal system parameters and the optimal operation strategy.
The results obtained in this study show that the proposed system is more applicable when
peak-valley electricity price difference and water tank price meet certain conditions. The
results obtained in this study are useful for the design of a geothermal heating system
coupled with energy storage.

The remainder of this paper is organized as follows. In Section 2, three models (system
model, operation model, and optimization model) are described in detail, including system
layout, equipment types, operation modes and strategies, decision variables, and objective
function. In Section 3, optimization of the decision variables of 10 different scenarios is
carried out, the simulation results are analyzed, and the sensitivity analysis in terms of the
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energy storage ratio is also conducted and discussed. In Section 4, the main findings of this
study are concluded.

2. Model Description

The overall investigation procedure of this study is shown in Figure 1. Firstly, the
layout of the coupled heating system is determined, based on which the system model is
established. Then, the decision variables and objective function are chosen according to
the operation characteristics of the system. After that, the optimal value of each decision
variable is determined using minimization of levelized cost of heat (LCOH) as an objective
function. In this study, a genetic algorithm is used to find the optimum values of the
decision variables. The traditional genetic algorithm was improved by adjusting the
degree of crossover and mutation probability in the late iteration to improve the efficiency
of searching and alleviate the problem of falling into local optimal solution. Detailed
descriptions of each part of the research model are given in the following sections.

Determination of system
layout and connection

Establishment of system
and equipment model

Define design parameters
and constraints

|
|
| Design conditions
: of the system
|
|

Determining system
decision variables

1 Different operating
|- T T T T T T T T = 1 strategies and scenarios

Establishing decision
variables

|

Define constraints for
optimization

|

Genetic Algorithm

|
|
|
2 5 |
Optimization process based
on LCOH minimization |
|
|
|
|

Obtaining optimal values of the
decision variables and
corresponding LCOH

Figure 1. Investigation procedure of the study.

2.1. System Model

Figure 2 shows the energy storage—geothermal coupled heating system. Red, yellow,
and blue in the figure indicate the temperature from high to low. V1 to V11 represent
11 valves. P1 to P4 represent the four water pumps. T1 to T13 represent the 13 temperature
measurement locations. In this system, the high-temperature geothermal water from the
production well flows through the Heat Exchanger 1 (high temperature) and the Heat
Exchanger 2 (low temperature) to complete the two-stage heat transfer. After heat exchange
in the Heat Exchanger 2, the heat of the circulating water driven by P3 is extracted by the
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Production Well

Injection Well

T1

T3

heat pump and used to heat the heating water in the heat pump, and then the heating
water in the heat pump is mixed with the heating water in the Heat Exchanger 1 and sent
to the building for building heating or to the energy storage tank for energy storage. In
addition, the water tank (heat storage tank) can also be used alone for building heating.
More details about the operation of the system are given in Section 2.2.1.

Vi L T10
e 7
T11 %
Water Collector Water Separator
_-D (]:D Building Heating
N
V2 P1
Heat Exchanger 1
(High Temperature) V3 ~ >
T4 3 Xvs V6
V4 P2 T12
T5
T2
Heat Storage
xvr N Tank
T6
be 18 T13
Ve P3
7 T9 P4 V10X XV 11
Heat Exchanger 2 Heat Pump

-

(Low Temperature)

Figure 2. Energy storage-geothermal coupled heating system.

2.1.1. Heating Load

In the process of heating in winter, the heat load of the building is affected by many
factors, including light intensity, temperature, and wind speed. Based on the design
parameters in relevant design standards, the model can be simplified [33,34] by using
Equation (1) as follows:

T, — TD(T)

Qp=0paAp 77—
B Tig— Toa

@™
where Qg is the actual heat load of the building (W); Qp 4 and T, 4, respectively, refer to the
design heat load of the building and the design temperature of outdoor air, both of which
come from the above-mentioned design standards, in W/ m? and °C; To(T) is the actual
outdoor temperature, derived from the measured data during the winter heating period
(120 days) in Xianxian, China, in 2020, in °C [35]; T; ; and T; are, respectively, the designed
indoor temperature and the guaranteed indoor temperature, both set as 20, in °C; Ap is the
heating area, set as 650 m? in this study.

The heat load during the whole heating period is calculated, and the maximum load
of 7 consecutive days (168 h, the design week) is selected for simulation. The heat load of
this design week is shown in Figure 3.

2.1.2. Heat Pump

The heat pump mainly consists of a compressor, a throttle valve, an evaporator, and
a condenser. The design parameters of working fluid in the evaporator and condenser
can be found in other articles [36,37]. According to the reference value, in this study, the
temperature difference of the pinch point in the condenser and that in the evaporator are
set as 5 °C, the superheat of the working fluid in the evaporator is set as 7 °C, and the
subcooling of the working fluid in the condenser is set as 5 °C. Figure 4 shows the T-S
diagram of the heat pump cycle, which is illustrated by the working fluid thermodynamic
processes e—f-g-a—b—c—d—e. The working fluid absorbs the heat of geothermal energy in the
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evaporator (e-f-g) and flows through the compressor (g-a), which is driven by electricity.
The working fluid (with higher pressure and temperature) at the outlet of the compressor
then enters the condenser, in which the heat energy is released (a-b—c-d) and transferred
to the heating water at the building side. After that, the working fluid passes through
an expansion valve (d—e), with lower pressure and temperature at the outlet of the valve.
Then, the working fluid flows into the evaporator and another cycle starts again. The heat
pump model described below is based on this heat pump cycle.

[- Heat load of the design week |

Heat Load(W/m?)

0 20 40 60 80 100 120 140 160
Time(h)

Figure 3. Heating load of the design week (7 consecutive days).
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Figure 4. T-S diagram of the heat pump cycle (working fluid: R123).

The heat exchange rate in the evaporator:

h . .
Qezr;u = Muyf,hp (hg - he) = mhwcp(T6 - T7) ()
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where h is the outlet enthalpy of the working fluid in the evaporator (k] /kg); k. is the inlet
enthalpy of the working fluid in the evaporator (kJ/kg); T6 and T7 are the inlet and outlet
temperatures (in Figure 2) of hot water, respectively (K).

The heat exchange rate in the condenser:

h . .
Qetn = M f hp (ha — ha) = mewCp(T8 — T9) ®)

where /i, is the inlet enthalpy of the condenser (k]J/kg); h; is the outlet enthalpy of the
condenser (kJ/kg); T8 and T9 are the outlet and inlet temperatures (in Figure 2) of the
cooling water, respectively (K).

Compressor power:

h .

Wcorjn = My f hp (has - hg) /Mie/ Ycom 4)
where I, is the outlet enthalpy of the compressor in theory (kJ/kg).

The isentropic efficiency of the heat pump compressor changes with operating condi-

tions. Here, an empirical formula, assuming that the isentropic efficiency of the compressor
is a function of the pressure ratio [38], is used in our model, as follows:

P P 2
i = 0.83955 — 0.01026 <Pus) — 0.00097(;) )
8 g

where P is the outlet pressure of the compressor (MPa); P, is the inlet pressure of the
compressor (MPa).
The coefficient of performance of the heat pump is given by

h h
COP = chn/wco% (6)

The heat pump is the main power consumption equipment in the system. Its power
consumption has a great influence on the techno-economy of the system.

2.1.3. Heat Exchanger

The heat exchanger is important equipment which couples the geothermal cycle and
the heating system. Equations (7)—(9) are the basic formulas for the heat exchanger.

Qi = 1y Cp(Ti} — Ti) = ity Cp(T55 — T53) @)
for = ki Afor AT ®)
ATpax — ATy
ATex _ max min 9
" ln(ATmux/ATmin) ( )

where 717" is the mass flow rate of hot water (kg/s); 715 is the mass flow rate of cooling
water (kg/s); k& is the heat transfer coefficient (kW /(m?-K)); A7, is the heat transfer area
(m?); ATS is the logarithmic mean temperature difference (LMTD) (K); ATyax and AT,
represent the larger value and the smaller value of the end temperature differences of the
heat exchanger, respectively (K).

Equations (7)—(9) are applicable to both Heat Exchanger 1 and Heat Exchanger 2 in
Figure 2. In this case, Tff represents T1 for Heat Exchanger 1 or T2 for Heat Exchanger 2.
T57 represents T4 for Heat Exchanger 1 or T6 for Heat Exchanger 2.

2.1.4. Energy Storage Tank

The design and selection of the energy storage tank are very important for the opti-
mization of the heating system investigated. The water tank adopted in this paper is a
cylinder; the height-to-diameter ratio is 1. It is assumed that the internal temperature of
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the water tank is uniform. Taking the water tank as a control volume, the mathematical
expression is obtained according to the conservation of energy, as follows:

dT. . .
MGy~ = FuiiteCp(Test — Te) = Fatite e Cp(Tr — Tee) — kiAy(Te — To(1)) /1000 (10)

FF=1,F =0 The tank for storage. (1)
FfF=0,Fh =1 The tank for heating.

where T is the temperature of the water tank (K); 1, is the mass flow rate of the water
tank during energy storage (kg/s); T s: is the inlet temperature of the water tank during
energy storage (K); 1., is the mass flow rate of the water tank during heating (kg/s);
T e is the inlet temperature of the water tank during heating (K); k; is the overall heat
transfer coefficient between the hot water inside the water tank and the surroundings of
the water tank, set as 0.2 based on the actual situation (W/(m?-K)); A; is the surface area
of the tank (m?). Equation (11) shows that when the water tank is storing heat, F; = 1 and
F, = 0. Conversely, when the water tank supplies heat to the building, F; = 0and F, = 1.

2.1.5. Water Pump

The frictional head loss and local head loss in the system are important parts in the
water supply calculation. The electric energy input to the water pump is needed to balance
those losses. The power consumption of the pump is calculated by

Wwp = D(ﬁ’lwpg(Hl + Hp + H3)/17wp/1()()0 (12)

where « is the margin coefficient, set as 1.1 [39]; H; is the frictional head loss (m); Hj is
the local head loss when water flows through the equipment, and its value is referred to
the relevant specifications (m) [40]; H3 is the local head loss when water flows through
valves and bends (m); 77,y is the water pump efficiency which is given by Equation (A1) in
Appendix A.

The relationship between the water pump head (H) and pressure loss (AP) is as follows:

_ap

H=
pE

(13)

The pressure loss along the path is calculated by Hazen-Williams Formulas (14) and (15):
iu = 105C, "+ K (14)

AP, = 1000i,L (15)

where Cj, is the Hazen—Williams coefficient, set as 140 [41]; K is the correction coefficient [41];
AP, is the pressure loss along the path (Pa).
The local pressure loss is given by

2
%
AP, = g% (16)
where APy, is the local pressure loss (Pa); ¢ is the coefficient of local resistance [40].

2.2. Operation Model
2.2.1. Operation Modes

The operation is divided into three stages in a day, corresponding to the following
four operation modes:

Mode 1: energy storage in the water tank;

Mode 2: water tank heating;

Mode 3: conventional heating;
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Mode 4: no operation.

According to the electricity price in different periods, shifting the modes may achieve
better performance in reducing operating cost, while ensuring the heating quality of the
office building.

Table 1 shows the time-of-use electricity prices in Xianxian. According to Table 1,
the energy storage in the water tank (Mode 1) is selected for the time from 22:00 to 6:00,
corresponding to a low electricity price, and its operation system is shown in Figure 5a.
In this mode, the heat storage stops when the temperature of the water tank meets its
maximum value or the heat storage time meets 8 h. From 8:00 to 20:00 is the stage for
building heating, when the electricity price is at peak or flat value, and the operation mode
is water tank heating (Mode 2) or conventional heating (Mode 3). The detailed heating
strategy is described in Section 2.2.2. The operating systems corresponding to Mode 2 and
Mode 3 are shown in Figure 5b,c, respectively. The difference between Mode 3 and Mode 1
is that in Mode 1 the heat is supplied to the water tank instead of to the building.

Table 1. Time-of-use electricity prices of nonresidents in Hebei Southern power grid.

Period of Using Electricity in the Course of a Day Price Names *

8:00 a.m.—12:00 p.m.; 4:00 p.m.—-8:00 p.m. Peak price
6:00 a.m.—-8:00 a.m.; 12:00 p.m.—4:00 p.m.; 8:00 p.m.-10:00 p.m. Flat price
10:00 p.m.—12:00 a.m.; 12:00 a.m.—6:00 a.m. Valley price

* Details about the electricity price are shown in Tables 2 and 3.

2.2.2. Operation Strategies

Four operating strategies are proposed in this paper, as shown in Figure 6. These
heating strategies differ only in building heating time, and have no difference in the energy
storage at night.

|
Heat Storage [
Tank } ‘
— e ‘7 Heat Storage | | — l G \
LTHE WHP Tank - LTHE | | HP [
Lpg
Secondary

,,,,,, Building
Heating

(a) Mode 1

Building
Heating

(b) Mode 2 (c) Mode 3

Figure 5. Schematic diagram of three operation modes: (a) water tank heat storage mode (Mode 1);
(b) water tank heating mode (Mode 2); (c) conventional heating mode (Mode 3).

Case 1 (Figure 6a) indicates that the water tank heating mode is preferred to be
operated during the day. When the temperature of the water tank reaches its lower
limit, the heating mode is switched to the conventional heating mode. Case 2 (Figure 6b)
indicates that the water tank is preferred for heating during 8:00-12:00 and 16:00-20:00. If it
is predicted that the water tank still has available heat after meeting the heat load of these
two periods, the water tank heating mode is also preferred for operating in the other period;
otherwise, the conventional heating mode is used. This strategy is proposed because of
the larger heat load and higher electricity price during 8:00-12:00 and 18:00-20:00. Case 3
(Figure 6¢) shows that the water tank heating mode and the conventional heating mode
operate at the same time, and the water tank heat is supplied for the peak load (i.e., the
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conventional heating mode is used to meet the base load). Contrary to Case 3, Case 4
(Figure 6d) indicates that the conventional heating is used for the peak load (i.e., the water
tank heating for the base load). All four strategies need to ensure that the water tank
temperature reaches its lower limit at 20:00, unless the heat stored in the tank is higher than

the daytime heat load.
B Tank Heating B Tank Heating
y Conventional Heating y Conventional Heating
100 100
= =
£ g0 Z %
(=} l=}
= ]
S S
& 60 60
= =
® ®
o o
= 40 = 40
+ 2
« ]
= =
20 20
0
9:00 11:00  13:00 15:00 17:00 19:00 9:00 11:00  13:00 15:00 17:00 19:00
Time Time
(@) (b)
B Tank Heating ) Conventional Heating
y Conventional Heating y B Tank Heating
100 100
P P
£ 50 Z %
o o
2 2
3 3
~= 60 l.--ll =
= =
I @
(=} (=}
= 40 = 40
+ +
« «
= =
20 20
0
9:00 11:00 13:00 15:00 17:00 19:00 9:00 11:00 13:00 15:00 17:00 19:00
Time Time
(c) (d)

Figure 6. Four operation strategies: (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4.

Case 1 and Case 2 operate two heating modes alternately, with the corresponding

system shown in Figure 2. In Case 3 and Case 4, the water tank heating mode and the
conventional heating mode operate simultaneously, so the system can save one water
pump, with the corresponding system shown in Figure 7.

2.2.3. Operation Conditions

@

@
®)

In the system optimization, the following assumptions have been made:

The supply water temperature (T10) for conventional heating is same as the average
of the upper and lower limit temperatures of the energy storage tank (i.e., to maintain
the same quality of heating). The upper limit temperature of the water tank (Tax)
is a decision variable which represents the highest temperature that the water tank
can reach during heat storage at night. The lower limit temperature of the water tank
(Tmin) is designed to be 40 °C, corresponding to the lowest temperature that the water
tank can reach during daytime heating.

The outlet temperature of Heat Exchanger 1 (T2) in the conventional heating mode is
the same as the averaged T2 in the water tank energy storage mode.

The difference between the inflow and outflow water temperatures for building
heating is not more than 8 °C; this is necessary to make sure that the heating water
temperature is not low when it reaches the last room.
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The geofluid temperature at the wellhead (T1) is 70 °C; the reinjection geofluid
temperature (T3) is in the following range: 13 °C < T3 <17 °C; T4 = T8 (applies to
Figure 2); and T4 = T8 = T12 (applies to Figure 7).
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Figure 7. Energy storage—-geothermal coupled heating system for Case 3 and Case 4.

2.3. Optimization Model
2.3.1. Decision Variables

In this study, four decision variables (Tmax, €, ATe, AThp) were used for the optimiza-
tion. They, together with their constraints, are described as follows:
(1) The upper limit temperature of the energy storage tank (Tmax): ranging from 46 °C to
55 °C (subjects to heating temperature of the heat pump).
The energy storage ratio (¢): ratio of the maximum heat-stored in the energy storage
tank to the average daily heating load of the design week, ranging from 0 to 1.
End temperature difference at low temperature side of the Heat Exchanger 1 (ATe = T2-T5,
Figure 2): ranging from: 1 °C to 7 °C (subject to the heat exchanger specification).
Maximum temperature difference of the heat pump system (ATy, = T8-T7, Figure 2):
ranging from: 3540 °C (subject to the heat pump specification).

@
®)
4)

2.3.2. Objective Function

In this study, levelized cost of heat (LCOH) was used to evaluate the engineering
economy of the composite system; the LCOH refers to the cost of obtaining unit heat energy
and is similar to the levelized cost of electricity [42,43]. The objective function used in this
study is the minimization of the LCOH. The calculation includes two parts. The first part is
the ratio of the sum of the annual investment cost and annual maintenance cost to the heat
load of the whole heating period (120 days); the second part is the ratio of the operating
cost to the heat load of the design week. The objective function is as follows:

Lo
Qw
where Q% and Qj; are heating load of the heating season and the design week, respectively

(kJ); COST is the investment cost of the system, including equipment cost and other costs
that are calculated at CNY 60 (USD 8.976) per square meter of heating area. OC is the

COST-CRF + Cyuain
Qs

minLCOH = min{ (17)
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operating cost of the system. Both of these are functions of the decision variables, as shown
below. Detailed formulas of COST and OC are given in Appendix B.

COST = fl(Tmux/ g, T, Thp) (18)

OC = fZ(Tmux/ g, Te, Thp) (19)

Capital recovery factor (CRF) and annual maintenance cost (C,,;;,,) are calculated
as follows:

i (140)"
CRE= 51 (20)
Cinain = p-COST (21)

where i is the interest rate, set as 5%; n is the service life of the system, set as 25 (a); f3 is the
proportion of annual maintenance cost, set as 1%.

3. Results and Discussion
3.1. Optimal Values of Decision Variables in Different Scenarios

For the system in this study, the investment cost of major equipment and the time-of-
use electricity prices are important factors that affect the total cost of the optimization results.
Ten scenarios were investigated (as shown in Table 2) according to different equipment
prices and time-of-use electricity prices, with the first scenario taken as the basic scenario.
Each of the remaining scenarios is obtained by modifying a parameter from the basic
scenario. Each region name in Table 2 only represents the time-of-use electricity price of
that region, with the corresponding value given in Table 3.

Table 2. Parameters used for optimization under 10 scenarios.

Energy Storage Tank  Heat Pump Price  Heat Exchanger Price ~ Water Pump Price

Scenario Region Price (CNY/m?) (CNY/KW) (CNY/m?) (CNY/KW)

1 (basic scenario)  Xianxian Region 1000 1000 800 2000

2 - - - 2000 -

3 - - 500 - -

4 - - 1500 - -

5 Shanghai Region - - - -

6 R - - - 1000

7 - - - - 3000

8 - 500 - - -

9 - 1500 - - -

10 Tianjin Region - - - -

“-” means the same as the values in scenario 1 (CNY can be converted into USD based on CNY 1 = USD 0.1496 on
1 June 2022).

Table 3. Time-of-use electricity prices for three regions used in this study (CNY/kW-h).

Time Status Xianxian Region Shanghai Region Tianjin Region
8:00 a.m.-12:00 p.m.; 4:00 p.m.—8:00 p.m. High peak 0.9304 1.11 1.2760
12:00 p.m.—4:00 p.m. Flat stage 0.6724 1.11 0.8305
10:00 p.m.—12:00 a.m.; 12:00 a.m.—6:00 a.m. Low valley 0.4144 0.527 0.4050

CNY can be converted into USD based on CNY 1 = USD 0.1496 on 1 June 2022.

It is worth noting that in each scenario of Table 2, it is assumed that the same geother-
mal well (with same geofluid conditions) is used and the heating demand does not change
in each scenario.

In this study, all the decision variables in each scenario in Table 2 are optimized
based on the objective function (min LCOH), and the optimal decision variables for all the
scenarios in each operating strategy are obtained as shown in Figure 8, where the abscissa
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represents the 10 scenarios in Table 2. The optimization results of the four decision variables
(¢, Tmax, ATe, and AThp) are discussed successively.

A e A o
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Figure 8. Optimal decision variables for different scenarios under the four strategic conditions:
(a) Case 1 (Strategy 1); (b) Case 2 (Strategy 2); (c) Case 3 (Strategy 3); (d) Case 4 (Strategy 4).

The optimal energy storage ratio (¢) essentially reflects the optimal energy storage in
the system. If the optimal value of the energy storage ratio approaches 0, it indicates that
the energy storage device is not suitable to be used in the situation investigated. Therefore,
in Case 1 and Case 2, it is not applicable to use the energy storage tank for scenario 3 and
scenario 9, but it is applicable to use for all other scenarios. The optimal energy storage
ratio is 33% for scenario 10 in Case 1, 55% for scenario 10 in Case 2, and around 24% for all
other scenarios in Case 1 and Case 2. In Case 3, the energy storage tank should be used for
all scenarios. Among them, the optimal energy storage ratios for scenario 3 and scenario 9
are the lowest, close to 5%. This is because the hot water tank is used for peak load in Case
3, and a small amount of energy storage is enough to reduce the heating load of the heat
pump; hence, the investment cost of the heat pump can be reduced. The optimal storage
ratios for other scenarios are high in Case 3, around values of 12%, 26%, and 40%. In Case
4, it is applicable to use the energy storage tank in scenarios 4, 5, 8, and 10, with optimal
storage ratios around 50%. However, it is not applicable to use the energy storage tank for
the remaining scenarios in Case 4.

The upper temperature limit of the energy storage tank (Tmax) is also an important
parameter. For the same amount of energy storage, the lower the Tmax, the larger the tank
size, and the higher the investment cost of the tank. If the Tmax is high, higher heat pump
power is needed to achieve higher outlet temperature, resulting in a higher operating
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cost. As can be seen in Figure 8, Tmax and e show a similar trend. Among them, Tax has
the highest value for scenario 10 in Case 2, around 51.5 °C. In this situation, the optimal
temperature difference of the heat storage (Tmax-Tmin = 51.5-40) is 11.5 °C. For most of the
remaining scenarios in Case 1 and Case 2, the optimal values for Tmax are around 48 °C,
and the optimal temperature difference of the heat storage (Tmax-Tmin) is 8 °C. In Case 3
and Case 4, no value of Tax exceeds 51.5 °C.

ATe and ATy denote the end temperature difference at the low-temperature side of
Heat Exchanger 1 and the maximum temperature difference of the heat pump system,
respectively. If the values of AT, and ATy, are reduced, the operating cost of the system will
be reduced, but the investment cost will be increased. In all scenarios shown in Figure 8,
no matter which strategy is used, the optimal values of ATe and ATy, are both within the

constraint range.

3.2. Minimum LCOH of each Scenario

The minimum LCOH is obtained for each scenario, as shown by the red bar in Figure 9.
In addition, the blue bar represents the minimum LCOH of the system without using
the energy storage tank in that scenario. Each line in the line chart shows the reduction
percentage of the minimum LCOH obtained by comparing the system using an energy
storage tank and that not using a tank.
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Figure 9. Minimum LCOH of each scenario: comparison between the conventional heating system
and the heating system coupled with energy storage: (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4.
CNY can be converted into USD based on CNY 1 = USD 0.1496 on 1 June 2022.
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Figure 9 shows that in Case 1 and Case 2, more than 1% LCOH can be saved in
scenarios 2, 4, 8, and 10 under the conditions that the heating systems are coupled with
energy storage. Among them, scenario 8 has the largest saving proportion, which exceeds
4.5% in each strategy. Case 3 shows a relatively high saving proportion for most of the
scenarios, with the lowest percentage reaching about 3.5% and the highest reaching as high
as 10%. In Case 4, scenario 8 also has the highest saving proportion, with a value of 4.7%,
and scenarios 4 and 10 also show good saving percentages that exceed 1%. Each of the
saving ratios with a negative value in Figure 9a,b,d indicate that it is not applicable to use
an energy storage tank in the heating system.

Figure 10 shows the comparison of the minimum LCOHs among the four operation
strategies. It can be seen that the red line (Case 1) and the black line (Case 2) are almost
identical. The LCOHs in Case 3 are less than those in other Cases for each scenario.
Especially in scenario 4, the LCOH in Case 3 is about 7.4% lower than that in Case 4, and
5.7% lower than that in Case 1 and Case 2. This is because the use of the water tank can
effectively reduce the investment cost of other equipment when the energy storage device
is used for the peak load. It can also be seen that Case 4 has the highest LCOHs for all
scenarios, indicating that this operating strategy is not a good choice. The LCOH values of
Case 1 and Case 2 are relatively moderate, and the difference between the total costs in the
two cases can be negligible, but in terms of operational simplicity, Case 1 is better.
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Figure 10. Comparison of minimum LCOHs among the four operation strategies (CNY can be
converted into USD based on CNY 1 = USD 0.1496 on 1 June 2022).

3.3. Sensitivity Analysis
3.3.1. The Influence of Energy Storage Ratio on Operating Cost

In order to find the relationship between operating cost and energy storage ratio, the
basic scenario (in Table 2) is selected for study in this section. Each strategy is optimized,
taking min LCOH as the objective function, based on which the optimal values of the
four decision variables are obtained. The optimal values of Tmax, ATe, and AThp are used
for analyzing the influence of energy storage ratio (¢) on the total operating cost during the
design week, as shown in Figure 11.

It can be seen from Figure 11 that the operating cost of the system is significantly
reduced in each strategy as the energy storage ratio increases, but the minimum operating
cost and the reduction trend with the increase of the energy storage ratio are different from
case to case. In Case 1, the operating cost shows a rapid decline as the energy storage
ratio increases until it reaches 0.4, the operating cost then levels off from 0.4 to 0.7, then it
drops again when the energy storage ratio increases from 0.7 to 1. This is due to the higher
electricity price and larger heat load in the morning and evening. The curves corresponding
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to Case 3 and Case 4 show monotonic declines, but the operating cost in Case 3 is lower than
that in Case 4. For the three operating strategies (cases 1, 3, and 4), the lowest operating
cost in each case corresponds to a value of energy storage ratio of 1, with the lowest values
of operating costs being CNY 264.6 (USD 39.58), CNY 258 (USD 38.60), and CNY 263 (USD
39.34), respectively. The Case 2 curve shows a decline first and then an uptrend after the
energy storage ratio is greater than 0.74, corresponding to an operating cost of CNY 255.13
(USD 38.17), which is the lowest cost among the four cases. Compared with the system
without using the energy storage tank (e = 0), the operating cost in Case 2 can be reduced
to about 30%.
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Energy storage ratio(g)

Figure 11. The influence of energy storage ratio on operating cost (CNY can be converted into USD
based on CNY 1 = USD 0.1496 on 1 June 2022).

3.3.2. The Influence of Electricity Price and Tank Price on ¢, and LCOH

The peak and valley electricity prices, as well as the water tank price, are important
parameters that influence the optimal energy storage ratio (¢,) and LCOH of the system.
Therefore, sensitivity analysis was carried out and the results are shown in Figure 12. The
dashed lines (red and black) represent the influence of electricity price on ¢, (shown by
the right vertical axis) and LCOH (shown by the left vertical axis), respectively. The solid
lines (red and black) represent the influence of the energy storage tank price on ¢, and
LCOH, respectively.

The actual values represented by the numbers on the horizontal axis are shown in
Table 4. The number 0 represents the basic scenario (shown in Table 2), corresponding
to the energy storage tank price of CNY 1000/m? (USD 149.6/m?) and the peak-valley
electricity price difference of CNY 0.516/kW-h (USD 0.0772/kW-h).

The influences of the peak-valley electricity price difference and the tank price on
the optimal energy storage ratio (¢,) are shown by the two red lines (dashed and solid,
respectively) in Figure 12. In Case 1 (Figure 12a) and Case 2 (Figure 12b), when the peak-
valley price difference is higher than CNY 0.466/kW-h (USD 0.0697/kW-h), i.e., for the
scenarios with abscissa number greater than or equal to 0, the optimal energy storage ratios
are greater than 0.23 (see red dashed lines, Figure 12a,b), which means it is applicable to use
the energy storage tank under this condition. Similarly, when the energy storage tank price
is lower than CNY 1100/m? (USD 164.56/m3), i.e., for the scenarios with abscissa number
less than or equal to 0, it is also applicable to use the energy storage tank (see red solid lines,
Figure 12a,b). In Case 3 (Figure 12c), an energy storage tank can be used for any scenario;
in other words, there is no other choice but to use an energy storage tank in Case 3. In
Figure 12d (Case 4), it is suitable to use an energy storage tank in the heating system when
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the peak-valley price difference is greater than CNY 0.566/kW-h (USD 0.0847 /kW-h) for
the scenarios with abscissa number greater than or equal to 2, or when the energy storage
tank price is lower than CNY 900/m? (USD 134.64/m?3) for the scenarios with abscissa
number less than or equal to —2.
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Figure 12. Sensitivity analysis by adjusting the energy storage tank price and peak-valley electricity
price difference: (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4. CNY can be converted into USD based
on CNY 1 =USD 0.1496 on 1 June 2022.
Table 4. The actual values represented by the numbers on the horizontal axis in Figure 12.
Abscissa -5 —4 -3 -2 -1 0 1 2 3 4 5

The peak-valley electricity

price difference
(CNY/kW-h)
Energy storage tank
price (CNY/m?)

0.266 0.316 0366 0416 0466 0516 0566 0.616  0.666 0.716  0.766

500 600 700 800 900 1000 1100 1200 1300 1400 1500

CNY can be converted into USD based on CNY 1 = USD 0.1496 on 1 June 2022.

The Influences of the peak-valley electricity price difference and the tank price on the
LCOHs are shown by the two black lines (dashed and solid, respectively) in Figure 12.
As can be seen from Figure 12, the LCOHs become sensitive to the two prices under the
following conditions: in Case 1 and Case 2, the electricity price difference should be greater
than CNY 0.466/kW-h (USD 0.0697/kW-h) or the tank price should be less than CNY
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1100/m® (USD 164.56/m3); while in Case 3 and Case 4, the electricity price difference
should be greater than CNY 0.566/kW-h (USD 0.0847 /kW-h) or the tank price should be
less than CNY 900/m3 (USD 134.64/m?), respectively. These results indicate that Case 3
and Case 4 have less applicable scope of using an energy story tank than Case 1 and Case 2.

4. Conclusions

The purpose of this study is to find the optimal operation strategy and optimal design
parameters of an energy storage—geothermal coupled heating system for office building
heating. Four heating operation strategies are proposed according to the characteristics
of the building’s heat load and time-of-use electricity prices. In addition, 10 scenarios
are proposed considering different equipment prices and time-of-use electricity prices in
different regions of China. Optimization of the coupled heating system was carried out
using minimization of LCOH as the objective function. The main conclusions are as follows:

(1) The four operating strategies show that coupling an energy storage tank to the geother-
mal heating system can reduce operating costs by more than 25%. Case 2 is the best
among the four operating strategies, and can reduce operating costs by 30% when the
energy storage ratio is 74%.

(2) When the system design is optimized in the consideration of both operating costs
and investment costs, the operation strategy (Case 3) where the energy storage tank
is used for supplying the peak heat load has a lower LCOH than other cases. The
operation strategy (Case 4) where the energy storage tank is used to meet the basic
heat load has the worst performance.

(38) Itis applicable to couple an energy storage tank to the heating system in scenarios
4,8, and 10. In scenario 8, the coupled system can save up to 10% LCOH compared
with the system without using an energy storage tank. It is worth noting that none of
the optimal storage ratios exceed 55% for all scenarios.

(4) The sensitivity analysis shows that coupling an energy storage tank to a geothermal
heating system can reduce LCOH when peak-valley electricity price difference is
higher than CNY 0.566/kW-h (USD 0.0847 /kW-h) or the tank price is lower than CNY
900/m3 (USD 134.64/m3); otherwise, the techno-economy may not be good.

(5) The results obtained in this study provide a reference for the design of an energy
storage—geothermal coupled heating system. In the near future, an experimental study
will be carried out to further validate the model, as well as the results obtained here.
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Nomenclature

Roma symbols

A Area

Cy Hazen-Williams coefficient
Couain Annual maintenance cost

G Specific heat at constant pressure
d; Inside diameter

g Gravitational acceleration

H Head loss

h Enthalpy

i Interest rate

Pressure loss per unit length

~
=

K Correction coefficient

k Heat transfer coefficient
L Length

M Mass

m Mass flow rate

n Service life of the system
p Pressure

P1, P2...... Pump

Q Heat transfer rate

Q Heat

g Volume flowrate

T Temperature

\Y Volume

V1, V2...... Valve

1% Power

Greek symbols

o Margin coefficient

B Proportion of annual maintenance cost
€ Energy storage ratio

£ Optimal energy storage ratio
n Efficiency

A Ratio of mass flow rate
¢ Coefficient of local resistance
4 Density of water

T Time

v Flow velocity
Subscripts

al Along

B Building

com Compressor

con Condenser

cw Cooling water

d Design

e Heat exchanger

ele Electricity

eva Evaporator

he Heating

hp Heat pump

hw Hot water

i In

ie Isentropic

lo Local

m Mean

max Maximum
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min

wp
Superscripts
ex

hp
Acronyms
cor
COST
CPF
GSHP
HVAC
LCOH
MD-GHP
oC

PR

TES

Minimum
Out

Season
Storage

Tank

Total

Weak
Working fluid
Water pump

Heat exchanger
Heat pump

Coefficient of performance

Cost

Capital recovery factor

Ground source heat pump

Heating, ventilation, and air conditioning
Levelized cost of heat

Medium and deep geothermal heat pump
Operating cost

Price

Thermal energy storage

Appendix A. Water Pump Efficiency Model

In order to characterize the pump efficiency characteristics, the relationship between
water pump efficiency (17wp) and the mass flow ratio was fitted according to the data of the
performance of the 125h-6 centrifugal pump [44].

100

9 F

80

70 F

60

50 |

My (%0)

40

30 -

20

10

0

Discrete Data
Polynomial Fitting Curve

1 1 1 1 1 1 1 1 1 " 1l »

0 0.

i

1 02 03 04 05 06 07 08 09 L0
A

Figure A1. The relationship between water pump efficiency and the ratio of mass flow rate.

The polynomial fitting curve function is as follows:

Twp = 0.8267A3 — 2.597A2 + 2.52151 — 0.0105 (A1)

where A is the ratio of the actual mass flow rate to the maximum mass flow rate.
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Appendix B. Investment Cost (COST) and Operating Cost (OC)
The calculation formulas of investment cost (COST) and operating cost (OC) in this
study are as follows:
2 4
COST = COSTyy, + ) COST, ; + COST; + Z COSTupn + COST,per (A2)
= n=1

=1

where COSTyy, COST,;, COSTy, and COSTyyp,, are the investment costs of heat pump,
heat exchanger, water tank, and water pump, respectively; COST,,, is other investment
cost, including pipeline, valve, and other components, calculated as CNY 60/ m? (USD
8.976/ mz). I indicates the number of heat exchangers, and n indicates the number of
water pumps.

COSThP = th,d X Pth (A3)

where Qp 4 is the design power of the heat pump (kW); PRy, is the unit price of heat
pump (CNY/kW).
COST, = A, 4 X PR, (A4)

where A, , is the design area of the heat exchanger (m?); PR, is the unit price of heat
exchanger (CNY/m?).
COSTt = Vt,d X PRt (A5)

where V, ; is the design volume of the water tank (m3); PR; is the unit price of the water
tank (CNY/m?3).
COSTwp = Wwp,d X Ppr (A6)

where Wy, 4 is the design power of the water pump (kW); PRyyp is the unit price of water
pump (CNY/kW).

168

4
oc=Y" KW,W +3 ww,,,n,q> X PRy q
q=1 n=1

(A7)

where Wy, ; and Wyp 4 are the hourly power consumptions of heat pump and water pump,
respectively (kW-h); PR, ; is the time-of-use electricity price (CNY/kW-h). g indicates the
number of operation hours. In this study, the OC is calculated for a period of a design week

(168 h).
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