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Abstract
Geothermal is considered to be one of the most promising renewable sources for

district heating. Ground source heat pump systems coupled with the coaxial deep



borehole heat exchanger have been widely applied because of their high efficiency.
However, in order to reduce the total energy consumption of the system, there are few
studies on the optimization of the water flow rates in the coaxial deep borehole heat
exchanger by time to meet the load change during the heating season. In this paper, an
optimization method for the two flow rates which are set at two time periods
respectively every day in the coaxial deep borehole heat exchanger during the
operation of the ground source heat pump system is proposed. The application of the
method is to determine the applicable flow rates when the temperature of the next day
is predicted. Space heating of a building (located in Tianjin, China) is taken as a
scenario, comparisons were carried out on system operation before and after
optimization, which shows that the method has a good effect on the energy-saving
operation of the system. After optimization, the total power consumption of the system
is reduced, the total performance coefficient of the equipment as well as the
temperature difference between the inlet and outlet of the underground heat exchanger
is increased, and the trend of flow rates changes with time is the same as the indoor

and outdoor temperature difference.
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Nomenclature

wp water pump

ref refrigerant

ep evaporation section

esh evaporator superheating region
cp condensation region

csh condenser de-superheating region
csc condenser subcooling region

1. Introduction

The problem of energy shortage has become increasingly serious with the rapid
economic growth of China [1]. However, buildings which use non-renewable energy
resources are responsible for more than 30% of worldwide energy-related greenhouse
gas emissions [2]. The Ground-Source Heat Pump (GSHP) systems which have the
advantages of high efficiency have been widely used [3]. Compared with the Air-Source
Heat Pump (ASHP) systems, the GSHP system has a higher coefficient of performance
(COP) due to its stable underground temperature [4]. With the development of drilling
technology, the utilization of the geothermal resource is no longer limited by drilling
depth [5-7]. The depth of the Coaxial Deep Borehole Heat Exchanger (CDBHE) can be
above 2000m, where there is a higher energy grade, other than the traditional GSHP
system, in which the depth of the borehole is less than 300m. Besides, the reinjection
and environmental pollution are difficult to solve for the traditional method of
extracting geothermal hot water [8]. The CDBHE with a closed water cycle does not

require reinjection, which only occupies a small footprint, and has higher heat



extraction power than the traditional method of extracting geothermal [9, 10], hence, it

is a clean and efficient technology to utilize geothermal energy (Fig.1).
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Fig. 1. Diagram of coaxial deep borehole heat exchanger

Researchers have conducted numerous studies on the heat transfer process of the
CDBHE. Stefano Morchio et al. [11, 12] devoted to the analyses of Thermal Response
Test (TRT) simulations aimed at understanding the main factors that influence the
ground thermal conductivity and the effective borehole thermal resistance estimations.
Holmberg et al. [13] developed a numerical model to study the influence of the flow
direction of the mass flow and the borehole depth for the CDBHE. Peng Li et al. [14]
established a three-dimensional (3D) numerical model of CDBHE for sensitivity
analysis of heat transfer characteristics. Huang et al. [15] based on an open-source
simulator - OpenGeoSys to discretize and solve the established three-dimensional (3D)
model. To reduce the computation burden of the 3D numerical model and improve the
calculation efficiency, Gordon et al. [16-18] developed a 1D radial composite

cylindrical-source model for the CDBHE. They ignored the vertical fluid temperature
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distribution. The unsteady-state two-dimensional (2D) numerical model is also studied.
Fang et al. [19] established a 2D model considering the coupled heat transfer within the
tubes and the surrounding subsurface, to analyze the influence of the borehole depth,
geothermal heat flux, and thermal conductivity of the subsurface. Morchio et al. [20]
developed a 2D finite-difference numerical model to analyze the effects of the pipe
diameter ratio both in terms of fluid temperature evolution and pressure losses inside
inner and annular pipes. Liu et al. [21] proposed a 2D numerical model which considers
the comprehensive effects of the geothermal gradients and the heat loss of the inner
pipe to study the influence of the inlet flow rates. Results indicate that the heat loss rate
decreases as the flow rate increases, while the pumping power increases due to the
higher velocity in the CDBHE. Song et al. [22] established a 2D heat transfer model to
study the optimal insulation length in terms of heat insulation effect, costs, and the
critical value for the flow rate to obtain higher thermal power with appropriate pressure
drop. The power consumption of the water pump will decrease with the decrease of the
flow, but the heat extraction power will decrease at the same time [23], which will lead
to an increase in the power consumption of the heat pump under the same load on the
user side.

Despite the research efforts placed on the heat transfer process of the CDBHE to
extract heat as much as possible, few studies have been oriented from a total power
consumption of the GSHP system perspective, whereas the lack of this perspective may
lead to a biased view of system operation. Hein et al. [24] studied the relationship

between flow rates and underground temperature, the relationship between flow rates



Zhang [25] studied the relationship between optimal flow rates and borehole depth for
maximum heat extraction. Zhao et al. [26] optimized the flow rates and other
parameters in the design stage. The total system energy consumption is not
comprehensively considered in these researches [24-26]. Zarrella et al. [27] studied the
relationship between the flow rate and the energy efficiency of the entire system, but
under the condition of a constant temperature difference in the heat-carrier fluid across
the heat pump.

The optimal value of the flow rates should be constantly optimized according to
the heating load, which is related to the outdoor temperature, rather than a constant
value throughout the year or other constraints [27]. At the same time, it will be closer
to actual operation when considering the role of the heat pump which could provide a
time-varying inlet temperature of the CDBHE. To obtain the optimal flow rate, Liu et
al. [28] introduced a simple heat pump model considering the relationship between the
COP of'the system and the outlet temperature of the CDBHE, however, the optimization
was based on a constant specific heat transfer rate. Actually, this value is constantly
changing with the heat load.

In this paper, the interior-point method-based optimization technique of the flow
rates in the CDBHE is proposed. Under the premise of minimizing daily system power
consumption, the method could achieve that the flow rate in the CDBHE changes with
the load during the heating season by iterative optimization day by day. To search for
the optimal flow rates, the total power consumption of the heat pump and the circulation

pump is taken as the objective function, and the hourly outdoor temperature is adopted



as the input of the model, and the constraint condition is that the heat pump output
should meet the heating load demand. After optimization, the energy consumption of
the system is significantly reduced.
2. Mathematical model

The mathematical model of the CDBHE heat pump system consists of three parts:
the heat exchanger model, heat pump model, and pump model.

2.1 The heat exchanger model

The heat transfer process of the cylindrical area is simplified into a 2D heat transfer
problem in the radial and depth directions due to the characteristics of axial symmetry,
as shown in Fig.2. The flow direction of the fluid from the annular cavity to the inner
pipe is employed in the proposed model, which is more conducive to extracting heat
[29]. The following assumptions are considered for simplicity: (1) the underground rock
formations and the backfilling material are regarded as homogeneous materials with
constant physical parameters; (2) ignore the contact thermal resistance between
underground rock formations and the influence of groundwater flow [23, 30], consider
the pure heat conduction between the underground rock formations only; (3) the
temperature gradient of the circulating fluid in the annular cavity and the inner pipe in
the radial direction is neglected, only the temperature change of the circulating fluid in
the depth direction is considered [28]; (4) the physical parameters of the fluid, pipes,

backfilling material and underground rock formations do not change with temperature.



Fig. 2 Physical model

2.1.1 Governing equations

The heat transfer process involves three parts: heat exchange outside the CDBHE
(heat conduction of underground rock formations and backfilling material), at the
boundary of CDBHE (heat conduction on the outer pipe wall and convective heat
exchange with the circulating fluid), and inside the CDBHE (convective heat transfer
and heat conduction of the circulating fluid). The governing equations of underground
rock formations, fluid in the inner pipe, and fluid in the annular cavity can be expressed
as follow:

The energy conservation equation of the heat conduction process between

underground rock formations can be written as:

ot ror (1
where T and a are temperature and thermal diffusivity of underground rock formations;

t is time; 7 is the distance between the control volume and the center of the CDBHE; y

is depth.



In terms of fluid in the CDBHE, heat transfer occurs between the inner pipe and
the annular cavity and between adjacent control volumes. The energy conservation
equation of the fluid in the inner pipe can be written as:

T, oT,, o°T,,
e —Viip & — &, fép = Sl (2)
ot oy oy

where S is the rate of temperature change of the fluid in the inner pipe due to heat

absorption from the fluid in the annular cavity at the same depth:

4 (Tf,ac - Tf,ip )

S = 3
' ”pcp Dif),in Rip,ac ( )
where Rip.ac 1 the thermal resistance between the inner pipe and the annular cavity:
D.
Ripac = L S TN L (4)
’ ”Dip,in hin,iw 27Zﬂ1p Dip,in ”Dip,outhin,ow

where Ttip and Ttac are temperatures of fluid in the inner pipe and the annular cavity;
veip and agjip are the flow velocity and the thermal diffusivity of fluid in the inner pipe;
Dipin and Dipoue are the inner diameter and outer diameter of the inner pipe; iy is the
thermal conductivity of the inner pipe; Ainiw and hinow are convection heat transfer
coefficients of the fluid in inner pipe and the inner wall of the inner pipe and the fluid
in the annular cavity and outer wall of the inner pipe. The convection heat transfer
coefficients can be calculated by Petukhov's equation [31]as follows:

ND
=t 0

(Re,, 1000 (f /8)R,
NuD: 0.5 2/3
12.7(f 18)°5(P?® 1) +1

(6)

where /s 1s the thermal conductivity of fluid; f'is Darcy friction factor, which is given

as:
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f =(0.79In(Re,, )1.64) (7)
where Dy is the equivalent diameter.

The energy conservation equation of the fluid in the annular cavity can be written

as:
aflvac Vf,ac af’ac af,ac 3 féac SZ S3 (8)

where > and S3 are the temperature change rates of the fluid in the annular cavity due
to heat absorption from the fluid in the inner pipe and the rock formation at the same

depth, respectively:

_ 4'(Tf,ip _Tf,ac)
Sz - 7Z'IDCp (Dgp,in - Dif),out ) Rch (9)
4(T-Te.e)
S — :
’ ﬂpcp (Dcfp,in - Dif),out ) Rac,r (10)

where Racr is the thermal resistance between the fluid in the annular cavity and

underground rock formations:

D D
R _ 1 + 1 In op,out_l_ 1 |n b,out

ar 7zD0p’inhaC’iW 27r/10p Dop’in 274, Dy, (1D

where Viac and asac is the flow velocity and the thermal diffusivity of the fluid in the
annular cavity; Dop,in and Dop,out are the inner diameter and outer diameter of the outer
pipe; Dy,inand Dy out are the inner diameter and outer diameter of the backfilling material;
hac,iw IS the convection heat transfer coefficient of the fluid in the annular cavity and
inner wall of the outer pipe; Aop and Ay are the thermal conductivity of the outer pipe and

backfilling material.

2.1.2 Initial and boundary conditions
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In the initial state, the fluid is static in the pipe. The temperature of the fluid is the
same as the underground temperature distribution along the depth direction. The initial

temperature distribution is:

T(i):Tsur+B+(i—1)}dy%|t_o (12)

where i is the layer of discrete points, 1 <i < M; M is the number of layers of the control
volume divided in the depth direction; Tsyr is the ground surface temperature; dy is the
distance between adjacent discrete points in the depth direction.

The boundary conditions (Fig.2) on the top and right boundaries of the
underground are maintained as the initial temperature distribution (ground surface
temperature of the top boundary, and constant temperature gradient of the right
boundary as the depth increases). Since the earth’s heat flow is considered to be uniform,
the second type of boundary condition is considered for the bottom boundary, which is
given as Eq. (13):

O = O |10 (13)
The third type of boundary condition is adopted for the left boundary of the
underground rocks, described by Eq. (14):

T =T

Oacr = R (14)

ac,r

2.1.3 Equations discretization
In this work, the energy conservation equation of fluid in the annular cavity, fluid
in the inner pipe, and underground rock formations are discretized with the internal

node method (Fig.3).
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Fig. 3 Spatial discretization with inner node method

The energy conservation equation of underground rock formations is discretized
by the alternating-direction-implicit (ADI) scheme proposed by Peaceman and
Rachford which is absolutely stable for two-dimensional problems without time step
limitation [32-35]. And the energy conservation equations of fluid and underground
rock formations are discretized with different time steps.

For the discretization of the underground heat conduction equation, divide into
two half time steps (from instant n-1 to n-1/2 and instant n-1/2 to n) in every two
consecutive time levels (from instant n-1 to n). In the first half time step, the equation

is expressed as:

1 1 1
" =3 n-5 n-1 n-1 n-1
Ai,j—lTi,j—% +Ai,jTi,j 2 +Ai,j+1Ti,j+§ _Bi—l,jTi—l,j _Bi,jTi,j _Bi+1,jTi+1,j =0 (15)
where
a a 2 2a a a

ij1= 27T > i,j _7Ai'+ =T, s
M Ar? 2nAr° YAt Ar? I Ar? 2r,Ar

r

2 2
B, =B, =, B =— -
YJ YJ Ay ] Atr Ay

where r; is the distance from the jth to the center of the CDBHE, 1<j<N.
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The discretized equation for the underground heat conduction in the second half

time step is expressed as:

1 1 1
Ai,—l,jTirll,j +Ai’,jTi?j +Ai'+1,jTiil,j _Bi’,j—lTi,j—% _Bi',jTi,j ? _Bi’,j+1Ti,j+§ =0 (16)
where
2
;o8& A _2 28, _ a

a a , 2 2 , a a

!

. =, i.: —, P =t
WEArT 2nAr T YAt AR M 2rAr  Ar?

The discretized equation for fluid in the inner pipe is expressed as:

Af,ip,i—;rf:p,i—l +Af,ip,in,r;p,i +Af,ip,i+1-rf:p,i+l = B-I-fr:p_l1 +Af,ip,ach?a;,1i (17)
where
a 1 Vi 2a 4
Atpin=—"7 Aripi =7 by o+ D2 R’

Ay Atf Ay Ay ﬂpcp ip,in” “ip,ac

v in a 4 1
Af,ip,i+1 =0 _fz aAf,ip,ao =T 7 o > B=—

Ay Ay ﬂpCpDip,inRip,ac Atf

The discretized equation for fluid in the annular cavity is expressed as:

n n n n-1 n-1 n-1_
Af,ac,i—le,ac,i—l +Af,ac,in,ac,i +Af,ac,i+1-|_f,ac,i+1 _BTf,ac,i _Af,ac,i ,1Ti,l _Af,ac,ipr,ip,i =0 (18)
where
af Vf,ac Vf,ac
Af,ac,ifl = Ayz - Ay ) Af,ac,i = +B - 2Af,ac,i+l +Af,ac,ip +Af,ac,i 10
a; 4 4

Af,ac,i+l =T "7 ’Af,ac,ip = ’Af,ac,i,l =
Ay ’ ”(Dgp,in - Dif),out ) pCpR ip,ac H(Dgp,in - Dii,out )pCpRac,r

2.2 The heat pump and pump model

The constraint condition of the optimization process is that the heating capacity of
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the GSHP system always meets the given heating demand. And the partial load is
considered in the heat pump model. The heating capacity of the GSHP system is
identical to the sum of the underground heat extraction and the power consumption of
the compressor, which is given as [28]:
sts :Qgeo +Qoom = Qload (19)

where Qioad 1S the given heating demand, Qsys is the heating capacity of the GSHP
system, QOgeo 18 the heat extraction from underground, and Qcom is the heat extraction
due to work of the compressor.

The two main power-consuming equipment of the GSHP system, the heat pump
and water pump are considered in the proposed model. The total coefficient of
performance (TCOP) is employed as an index to evaluate the energy efficiency of the
GSHP system, which is given as:

TCOP=Q,, / Qeom +Qup) (20)
Where Qwp is the water pump consumption.
2.2.1 The heat pump model

The evaporator, compressor, condenser, and expansion valve are the main
components of the HP, of which the P-4 diagram is shown in Fig. 4. The subscripts el,
e3, cl, and c4 co to the conditions of evaporator inlet, evaporator outlet, condenser inlet,
and condenser outlet, respectively. Besides, the subscripts €3 and cl also indicate the

compressor inlet and outlet conditions.
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cl,com_out

e3,com_in

Fig. 4 The P-h diagram of the heat pump

The three loops (including the evaporator, the compressor, and the condenser) are
modeled as follows:

The brazed-platerrespond heat exchanger is employed in evaporator and
condenser sub-models. The steady-state heat exchange behavior of the evaporation is
modeled by the NTU method which is given in ASHRAE Fundamentals [37]:

Q=M. —h,)=m, ¢, (T, T =0 e m,c, (Twe,~Te,.) 1)
where Qep is the heat transfer in the evaporation section; mrer and my are the mass flow
rate of the refrigerant and water; he2 and he; are the enthalpies of the refrigerant in e
and e states; cw is the specific heat capacity of water;

For the evaporator superheating region, while keeping both hot and cold streams

unmixed, the energy conservation equation can be expressed as [38]:

_ a NTU (1-ag) 22
— Tuin=Te,) ()

Qesh =M (he3 _hez) =m,C, (Tw,in _Tw,ez) =

C ) ( o
1-a e—NTU(lfaesh) ~ esh_min \ 'w,in
esh

where
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. he _he
min(m,,,m, ———2)

esh_min WTe3 _Tez
aesh :C = = he _he (23)
esh_max maX(mW, mw-l- 3 T 2 )

€3 €

Jéahnig’s compressor work model [39] is employed in the proposed model. The

compressor motor power is given as:

ne-1

n F>com in I:>com ou s
Wcom*ncom:mref(n S_l)(p '- ] {P '-t -1 (24)

where

(Pcom out J
In| ——
I:)com in
ng=—r—% (25)
In| —~*
pcom_in

where ps is the refrigerant density evaluated at inlet entropy and outlet pressure.

For the condenser de-superheating region, while keeping both hot and cold streams

unmixed, the energy conservation equation can be expressed as [36]:

Q (h, —h.) (To=T o) (e o e T T.) 20
csh :mref e, :mWCW wout” 1w, - - _“csh_ wout ™ e,
o t 1_aCShe NTU (1 ) )
where
min(m, ,m__—%
csh_min ( ! ! TC1 _TCz )
A _C - hc _hc (27)
csh_max maX(mW , mW 1 2 )
T T

For the condensation region, the energy conservation equation can be expressed
as [36]:
Qcp =M s (hc2 - h03) =m,C, (Tw,cz _TW,Cg) =@1- e7UA/C)m w Cw (TWsz _Tcs) (28)

For the condenser subcooling region, the energy conservation equation can be
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expressed as [36]:

(1_ e NTU (-ars:) )C

chc =M (hc3 _hCA) =m,C, (Tw,c3 _TW,CA) = 1—g efNTU(l—o:sScc)_mln (Tw,c3 _Tc4) (29)
where
in(m, m, 25 )
min(m,,,m, ———*
csc_min ! Tc3 -T Cs
o = —semn _ o (30)
csc_max max(mw, m,, u)
T, T

Geometry data for the water-to-refrigerant heat exchanger are shown in Table 1.

Table 1. Parameters of the water-to-refrigerant heat exchanger

Description Value Unit

Length 0.355 m

Height 22.9 m

Depth 43 °C

Chevron angle 45 °

Plate thickness 5x107* m

Distance between plates 2.1x1074 m
Enlargement factor 1.17 N/A
Number of plates 500 N/A
Number of water channels 250 N/A

2.2.2 The pump model
Pump power consumption is related to pressure drop and flow rate, which is given

as

_ APm;

w 31
P yre GD

W

where Wy, is the power of the water pump; 7 is the efficiency of the water pump
which is assumed as 80%, and the efficiency affected by water flow is ignored in this
paper; AP is the pressure drop in the CDBHE, which includes pressure drop in the inner
pipe, in the annular cavity and local pressure drop.

The pressure drop along the pipe can be expressed as:
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e V¢
AP = ﬂ’p D—eg (32)

where 4, is the drag coefficient of the pipe; /he is the length of the CDBHE; D is the
equivalent diameter of the pipe; vr is the velocity of the fluid; g is the acceleration of

gravity; the 4, of the annular cavity is given as [40]:

= (1— Dipout / Dopin )2 In (Dipvout /Doy ) X ad
" [1+ (D / Dop,in )2j| In (Dip,out / Dop,in ) +1- (Dip,out / Dop,in )2 Re

ip,out

(33)

where Re is Reynolds number.
3. Verification of the geothermal sub-model
3.1 Grid independence verification
In order to improve the stability of calculation, it is necessary to test the
independence of the grid. The parameters of the virtual CDBHE are shown in Table 2
according to a project being constructed in Tianjin, China.

Table 2. Parameters in the geothermal sub-model

Description Symbol Value Unit
Radius of calculated domain R 10 m
Borehole depth Y 2400 m
Ground surface temperature Tour 12 °C
Geothermal gradient G 0.025 °C/m
Thermal conductivity of rocks A, 3 W/m-K-!
Heat capacity of rocks Cpr 1040 J/kg-°C!
Design flow rates of circulating water Ow 30 m?/h
Inlet temperature Tin 15 °C
Outer diameter of the outer pipe Dop out 177.8 mm
Inner diameter of the outer pipe Dop,in 168.8 mm
Thermal conductivity of outer pipe Aop 45 W/m-K-!
Outer diameter of the inner pipe Dip,out 112.4 mm
Inner diameter of the inner pipe Dipin 101.2 mm
Thermal conductivity of outer pipe Aip 0.3 W/m-K-!

The uniform grid is utilized in the proposed geothermal sub-model, and the

influence of the axial step length (Ay), radial step length (Ar), and discrete time steps
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of the underground (At) and fluid (A#r) involved in Eq. (15) - Eq. (18) are shown in Fig.

5. Ar has the greatest impact on the calculation accuracy of the geothermal sub-model,

as shown in Fig.5, this is because of that the heat transfer process is most intense in the

radial direction. Fig.5(e) indicated that the outlet temperature at the end of the 30th day

tends to converge as Ar decreases, and at the same time, the simulation time increases.

At the end of the 30th day, when Ar = 0.2m, 0.4m, 0.5m, and 1m, the error is 0.31%,

1.00%, 1.89%, and 6.60%, respectively compared to Ar = 0.1m. Besides, when Ar =

0.1m, 0.2m, 0.4m, and 0.5m, the simulation time cost proportion is 3.07, 2.16, 1.37,

and 1.23, respectively compared to Ar = Im. Accordingly, 0.4m is considered as the

step size in the simulation. Besides, Ay, At, and At have little influence on the

calculation results. Hence, Ay of 10m, A# of 300s, Ats of 60s, and Ar of 0.4m are set in

the geothermal sub-model finally.
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Fig.5 Grid independence tests of the model
3.2 Validation by experimental data
To verify the accuracy of the model, the simulated results were compared with the
open test data in Ref. [41]. The geometric and physical parameters of the case are shown

in Table 3.

Table 3. Geometric and physical parameters of the case

Description Symbol Value Unit

Borehole depth Y 880 m
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Outer diameter of the outer pipe
Inner diameter of the outer pipe
Outer diameter of the inner pipe
Inner diameter of the inner pipe
Thermal diffusivity of rock-soil
Thermal conductivity of outer pipe
Thermal conductivity of inner pipe

Ground surface temperature

Design flow rates of circulating water

Geothermal gradient

Dop,out
Dip,out
Dop,in
Dip,in

op
ip
Tsur
Ow

17.78
16.88
8.90
6.98
6.03X 107
46.1
0.02
30
48
1 (<300m)

13 (>300m)

cm
cm
cm
cm
m?/s
W/m - K!
W/m - K!
°C
m*/h

K/100m

The power failure has little influence during the test which is shown in Fig. 6. It is
clear that the simulated results agree with measured data very well when the operation
is stable. The relative error at the end of the 7th day is only 0.86%. And the relative
errors within seven days are all less than 10%. The reason for the large error in the
initial stage of the operation is that the initial temperature of the water in the model is
set to the temperature of the underground rock formations at the same depth which is
different from the actual situation. However, the initial temperature only has an

influence on the first day of the operation, the error can be ignored when analyzing the

operation in a heating season (for 150 days) in this work.
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4. Optimization method

Fig. 7 shows the outlet temperature with different flow rates. In Fig. 7, the peak
value of the outlet temperature appears within two hours but at different times. The
reason for the peak is that the fluid at the bottom of the CDBHE that has a higher
temperature at the initial moment reaches the outlet within two hours. However, the
later the peak appears as the flow decreases, this is because a small flow rate
corresponds to a small flow velocity when the cross section is constant, and it takes a
longer time for the fluid to reach the outlet. It is also indicated that the outlet
temperature increases as the flow rate decreases in the range of 10 — 45 m*/h when the
operation is stable. After the fluid flows out from the CDBHE, it exchanges heat with
the evaporator of the heat pump. A higher outlet (outlet of the CDBHE) temperature
means a higher evaporation temperature for the evaporator, which is beneficial to

improving the efficiency of the heat pump. In other words, a smaller flow rate is
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beneficial to improve the thermal efficiency of the heat pump.
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Fig.7 Outlet temperature with flow rate at 30d, 60d, 90d, 120d and 150d

The heat extraction power is given as:
P=c, oMy —CpinMTi, 34)

Fig. 8 shows the heat extraction power with different flow rates. It is indicated that
the heat extraction power increases as the flow rate increases in the range of 10 — 45
m?>/h, and the heat extraction power growth rate slows down when the flow rate is close
to 45 m’/h. It can be inferred from Eq. (19) that the power consumption of the heat
pump decreases with the increase of the underground heat extraction power when the
heating load is constant. In other words, a larger flow rate is beneficial to reduce the
power consumption of the compressor in the heat pump, which is contradictory to the

conclusion drawn from Fig. 7. Hence, it is necessary to introduce the heat pump model

(Section 2.2.1) to analyze the influence of the flow rate.
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Fig.8 Heat extraction power with different flow rates

The outlet temperature on the first day of operation is around 40°C (as shown in
Fig. 7), which is not conducive to the operation of the heat pump. Hence, the fluid and
underground temperature distribution after the end of the first day of operation are
utilized as the initial conditions of the optimization that lasts for 150 days.

Considering the large difference in heating load between the day (6:00 — 18:00)
and night (18:00 — 6:00), two different flow rates are employed every day in the
proposed model. Hence, the total power consumption per day is only related to the two
flow rates per day (one is set during the day and one is set at night). The relationship
between the total power consumption and two flow rates every day can be expressed
as:

TPC, = f,(Q;1,Qy,), d=12,---150 (395)

where TPCy1s the total power consumption on the day d, 1 <d < 150; Qa1 and Qa are

the two flow rates that are employed on the day d.

25



The goal of the optimization is to find the minimum of 7PC, for d =1,2,---150.
Hence, the minimum of 7PCy is a vector with 150 elements which represents the
minimum total power consumption every day.

Fig. 9 shows the relationship between the total power consumption and two flow
rates on the first day (d =1). It is indicated that fu(Qas,1,042) is a convex function [42],
where Qu1 and Qg that minimizes the TPCy are in the range of 10 — 45 m?/h. For a
convex function, it is appropriate to utilize the interior-point method to solve the

optimization problem [43]. The optimization problem in this paper can be expressed as:

min f,(Q,,Qy,), 1<d <150
subjectto g, (Qy;,Qy,) =0, m=12
g, =min(Q,, -10, 45-Q,,)
g, =min(Q, , -10, 45-Q,,)

(36)

In order to make the optimization process always execute in the feasible region, the

penalty function is given as:
2
04 (Qq1:Qu 2 1y) = F4(Qq 1, Qu2) — Ty Z In |:gm Qa1 Qd,Z)] 37
m=1

where rq1s the penalty factor. According to Eq. (37), the problem is turned into finding
min ¢, instead of min f,. For ¢,, we can input Qu,1 and Qu that are not limited by
the range of 10 —45 m’/h, and ¢, can easily be convertedto f, by Eq. (37).

The search path of the optimal flow rates for the operation on the first day is shown
in Fig. 9. It 1s indicated that the approximate optimal rates on the calculated day are
22.58 m*/h (18:00 — 6:00) and 21.98 m*/h (6:00 — 18:00), the approximate minimum

power consumption is 763.37 kWh.
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the optimization process

The optimization process is carried out day by day during the heating period,
following the flow chart depicted in Fig. 10. Among them, the role of ¢ is to limit the
distance of the obtained optimal flow rates and the feasible region. The process of

getting the ming, is achieved by comparing the gradients of ¢, . Besides, the
optimal flow rates on day d-1 are utilized as the starting point of the optimization

process on day d (d = 2---150) to improve the efficiency of the iterative optimization.

)
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Fig.10 The flow chart of the optimization.
5. Results and discussion

A virtual residential building located in Tianjin (China) with a heat load of 400kW
is employed in this work. The temperature of the supply water and the return water for
space heating are set to 55°C and 45°C, and the flow rates of the fluid for space heating
are adjusted to adapt to the heat load that varies with the temperature difference between
indoor and outdoor. The outdoor temperature of the typical meteorological year in
Tianjin is utilized in this work. The indoor temperature is constant at 20°C, and the
GSHP system shuts down when the outdoor temperature is higher than 18°C.

Fig.11 shows flow rates of the water in the CDBHE after optimization and indoor
and outdoor temperature difference. The two dashed lines are the fitting curves of flow
rates and temperature difference respectively. It is indicated that the water flow rate in
the CDBHE is constantly changing, not a constant value, and is consistent with the
changing trend of the temperature difference between indoor and outdoor over time.
Besides, the peak flow rate appears after the peak temperature difference between
indoor and outdoor on fitted curves, the reason is that the rate of heat transfer into the
underground from the bottom boundary is less than the rate of geothermal heat
extraction, when the heat load is near peak. Hence, a larger flow rate is still needed to
obtain more heat within a period after the indoor and outdoor temperature difference

reaches the peak.
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Fig.11 Flow rates after optimization and indoor and outdoor temperature difference

A series of data based on the design flow rate which is 45 m*/h along the year is
utilized as the result of the operation before optimization, compared with the operation
data after optimization. Comparing items include:

1) inlet and outlet temperature of the CDBHE

2) heat extraction power from underground

3) power consumption of the heat pump and the water pump as well as the total

consumption

4) COP of the heat pump and the TCOP.

Fig.12 shows the changes of inlet and outlet temperature in CDBHE and
underground heat extraction power before and after optimization. Fig. 12(a) shows the
inlet and outlet temperature of the CDBHE before and after optimization. It is indicated
that the outlet temperature increased significantly, but the inlet temperature decreased

after optimization. Besides, the fluctuation degrees of inlet temperature is greater than
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that of outlet temperature before and after optimization. The reason is that the outlet
temperature is mainly affected by the underground heat transfer which is relatively
stable, while the inlet temperature (outlet temperature of the evaporator) is mainly
affected by the severely fluctuating heat load.

Fig. 12(b) shows the increment of the temperature difference between the inlet and
outlet. It is indicated that the temperature difference between the inlet and outlet
increases after optimization, and the average increment is 3.17°C, which is 79.43% of
that before optimization. The reason is that the amount of heat extraction from the
underground does not change much after the optimization (as shown in Fig. 12(c)), and
the significantly reduced flow rates in the CDBHE (from 45 to 15-35 m*/h as shown in
Fig. 11) cause a large change in the temperature difference between the inlet and outlet.

Fig. 12(c) shows the difference of heat extraction power after optimization. It is
indicated that the heat extraction power decreased during most of the period after
optimization. After optimization, the mean value of the difference of heat extraction
power is -1.764 kW, which is 0.84% less than the mean heat extraction power before

optimization.
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Fig.12 Change of inlet and outlet temperature in CDBHE and underground heat extraction power
before and after optimization

Fig. 13 shows the changes of equipment power consumption before and after
optimization. It is indicated that the changes in the power consumption of the heat pump
are consistent with the changing trend of the indoor and outdoor temperature difference
before and after the optimization (Fig. 13(a) and Fig. 13(b)). Fig. 13(c) shows that the
heat pump power consumption increased by an average of 2.220kW after optimization.
And the power consumption of the water pump has been reduced by an average of

12.885kW, which is 78.45% of that before the optimization.
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Fig.14 shows the changes of the COP of the heat pump and the TCOP. Fig. 14(a)
shows that the COP of the heat pump before and after optimization can be maintained
at about 4 in most periods, and can reach 7 in the initial heating stage, reach 5 at the
end of heating. The COP is reduced by an average of 0.157 after optimization. Fig. 14(b)
shows that the duration when TCOP is lower than 4 accounted for 92.47% of the heating
period before optimization, however, the duration when TCOP is higher than 4 accounts
for 57.42% of the heating period after optimization. In addition, TCOP increased by
(0.783 on average after optimization. And it increases more at the beginning and end of

heating when the heat load is relatively small.
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Fig.15 shows the geothermal heat extraction, total power consumption of the heat
pump and water pump and their respective power consumption before and after
optimization. It is indicated that geothermal heat extraction was reduced by 0.84%, the
total power consumption of the heat pump and water pump was reduced by 14.5%, and
the heat pump power consumption increased by 3.87%, the power consumption of the

water pump was reduced by 79.22% after optimization. Hence, the optimization method
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could greatly reduce the power consumption of the water pump under the premise of

meeting the heating demand and not increasing the total power consumption of the

equipment.
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Fig.15 Total consumption before and after optimization

6. Conclusions

An optimization technique based on the interior point method is established in this
paper for the operation of the GSHP system that reduces the total power consumption
during the heating period significantly. The geothermal sub-model mentioned in the
method is verified by data in the literature [41], the proposal of the equipment sub-
models refers to the research of Tea Zakula et al [36, 40]. Compared the system
operation before and after optimization in a heating period, such as flow rates,
geothermal heat extraction power, equipment power consumption, COP, and TCOP, the
following conclusions have been drawn:
(1) The change of flow rates after optimization is consistent with the changing trend of

the temperature difference between indoor and outdoor over time, and the peak flow
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rate appears after the peak temperature difference between indoor and outdoor on

fitted curves.

(2) For the CDBHE, the outlet temperature increased and the inlet temperature
decreased after optimization, the temperature difference between the inlet and outlet
is increased after optimization. However, due to the significant reduction in flow
rates after optimization, geothermal heat extraction is reduced.

(3) The power consumption of the water pump is reduced, and the total power
consumption of the heat pump and water pump is reduced although the heat pump
power consumption is slightly increased after optimization. Besides, TCOP is
increased although the COP is reduced after optimization.

(4) For the application of the optimization method, after getting the predicted
temperature of the next day, the optimization method proposed for the two flow
rates which are set at two time periods respectively every day in the coaxial deep
borehole heat exchanger gives appropriate flow rates to match the heating load of
the next day.

Increasing the flow rate in the CDBHE is beneficial to increase the heat extraction
from underground, but at the same time, it will increase the power consumption of the
water pump. The optimization ideas proposed in this paper can reduce the power
consumption of the system as much as possible, providing new ideas for the energy-
saving operation of the GSHP system.

The optimization is carried out based on the given design parameters of the borehole

in this paper. Readers can comprehensively optimize the system design and operation
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in combination with the initial investment and income. Besides, limited by the
performance of the computer, the minimum power consumption obtained by the
method is the sum of the minimum power consumption per day during the heating
season. Readers can optimize the flow rates weekly, monthly, or quarterly to get a
smaller power consumption.
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