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Abstract: In order to investigate the alternate operation
characteristics of a solar-ground source heat pump system
(SGSHPS), various alternate operation modes are put forward
and defined. A two-dimensional mathematical model with
freezing/melting phase changes is developed for the heat transfer
analysis of the soil. Based on the numerical solution of the
model, the variation trends of underground soil temperature of the
SGSHPS operated in various alternate operation modes are
discussed. The results indicate that, for the day-night and short-
time interval alternate operation modes without solar energy, the
operation time fraction of a solar heat source should be confined
to from 50% to 58% when operated in an alternate period of 24
h. Meanwhile, the disadvantages of a natural resumption of soil
temperature can be overcome effectively by solar energy filling,
and an optimal operation effect can be achieved by integrating the
mode of solar energy filling with other alternate modes. In
addition, the accuracy of the presented model is verified by the
experimental data of borehole wall temperatures. The conclusions
can provide a reference for the optimization operation of the
SGSHPS.
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n recent years, ground coupled heat pumps( GCHP) have

been recognized as being among the cleanest, most energy
efficient and cost effective systems for space heating and
cooling in residential and commercial buildings. The main
advantage of using the ground as the system’ s source or sink
is that this environment benefits from a relatively constant
mean temperature when compared with that of ambient
air” ', This can comprehensively improve the thermal per-
formance of the system and, therefore, reduce operating
COsts.

However, there are some disadvantages for the application
of the GCHP in heating-dominated districts. 1) The tempera-
ture of the soil around ground heat exchangers ( GHE)
increasingly drops with the continuous heat-extraction of the
GHE from the soil. This results in the decrease in the
evaporating temperature of heat pumps and thus inevitably
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deteriorate the operation performance of the GCHP'™'.
2) The heat extracted from and released to the soil are im-
balanced during a year; that is, the heat extracted from the
soil greatly exceeds that released to the soil"”, which also re-
sults in the drop of soil temperature year after year over a
long time of operation, such as 10 years.

In order to overcome the disadvantages of the GCHP op-
erated in heating-dominated districts, solar energy is added
as a supplemental heat source of the GCHP and a solar-
ground source heat pump system( SGSHPS) is proposed. Al-
ternate operation modes, which alternately utilize solar ener-
gy or geothermal energy as the heat source of heat pumps,
are first put forward and defined for improving the operation
performance of the GCHP. A two-dimensional mathematical
model with freezing/melting phase changes is developed to
discuss the alternate operation characteristics of the SG-
SHPS. Based on the numerical solution of the model, the soil
temperature variation tendencies of the SGSHPS operated in
various alternate modes are investigated. The validation of
the developed model is performed and some conclusions are
also obtained.

1 Definition and Classification of Alternate Opera-
tion Modes

The alternate mode is defined as an operation state that
solar and geothermal energy are used alternately as the heat
source of a heat pump'”’. The aim of the mode is to over-
come the problem that the soil temperature around the GHE
drops very quickly with the continuous heat-extraction of the
GHE from the soil. Integrating solar energy to the GCHP
makes it possible that the GCHP may be operated intermit-
tently and the resumption of soil temperature can be
achieved during the day when a solar-assisted heat pump
(SAHP) is started. At the same time, integrating geothermal
energy to the SAHP makes it possible that the system can
still work in the evening or rainy day when the GCHP is op-
erated. Furthermore, the redundant energy collected by solar
collectors during the day may be stored in the soil partly by
a U-tube GHE to use for the evening, so other energy stor-
age equipment can be omitted. According to different time
combinations of solar and geothermal energy used as heat
sources during an alternate operation period, the alternate
mode can be further classified into the following three cate-
gories:

1) Day and night alternate mode The GCHP is started in
the evening and the SAHP is operated during the day. At the
same time, the soil temperature can be resumed partly. The
mode is fit for the building requiring heating during the day
and night.
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2) Short time interval alternate mode The GCHP and the
SAHP are operated alternately in a short time interval during
an alternate operation period. The mode can make the tem-
perature drop velocity become low and is also fit for the
building requiring heating during the day and the night.

3) Solar-U tube feeding heat alternate mode The GCHP
is operated in the evening and is off in the daytime. At the
same time, solar energy is fed to the soil by a U-tube during
the daytime. The mode is fit for the building that needs heat-
ing only during the day such as residential buildings during
workdays.

2 Calculation Models
2.1 Physical model

Heat transfer between the GHE and its surrounding soil
is rather complicated. This includes the influence of the
thermal and geometrical properties of the GHE, the soil
temperature distribution, the soil moisture content and its
thermal properties, groundwater movement, and possible
freezing and thawing in the soil. In order to facilitate the
analysis, the following assumptions are made to simplify
the problem:

1) The soil is viewed as a homogeneous hydrous porous
medium, and the hole is full of water.

2) The influences of heat-moisture transfer and natural
convection are negligible.

3) The volume change is ignored during the phase change
process of the water, and thus the density of the water is
constant.

4) The thermal properties of the soil in the regions of
freezing and unfreezing are constant.

5) A two-dimensional transient heat transfer process in the
radius and depth directions is assumed for the heat exchange
between the GHE and its surrounding soil.

6) The freezing-thawing phase change process for the soil
is assumed to be completed over a small temperature range,
and according to the temperature, the control places around
the GHE can be divided into three phase regions along the
radius and depth directions, that is, the freezing region, the
mushy two-phase region and the unfreezing region.

7) The GHE is assumed to be a cylindrical heat source/
sink with an equivalent diameter.

8) The soil temperature is constant if the depth z > 15 m
and the radius r >2 m.

With the above assumptions, the heat transfer process be-
tween the GHE and its surrounding soil can be regarded as a
two-dimensional axial symmetrical cylindrical heat source/
sink with an equivalent diameter, and there are three phase
regions in the radius and depth directions, respectively. As
shown in Fig. 1, T is freezing phase change temperature
semi-interval across. S, (7) and S, (7) are up and down
phase change interfaces, respectively. R and H are the calcu-
lation boundaries in the radius and depth directions, respec-
tively.

2.2 Mathematical model

According to the above physical model, the following
control equations can be derived for various phase regions as
shown in Fig. 1.
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Fig.1 Physical model of soil freezing process around the
GHE. (a) Phase region division in radius direction; ( b) Phase region
division in depth direction

1) For the freezing and unfreezing region

oT, 1 o(. oT\ a(. oT
() 5 =7 ar()‘jr;) +az(/\’ 671) )

2) For the two-phase region

oT, 1 o, oT,\ o,
(pc,)n— = a()\mr )+a(/\m )+L d

oT,(r,z,7) )
" 0z Tz

roor ar 672 9z JaT
(2)
3) On the phase change interface
For r=S,(7),
T(r,z,7) =T,(r,z,7)
oT (r, z, oT (r,z, af, 3
N (rzr)sz.} (3)
ar ar a7
For r=S,(7),
T.(roz,7) =T(r,z,7)
0Ty (r a7 | Tz, r>} (4)
" e o
For z=S5,(7),
T(r,z,7) =T,(r,z,7)
oT (r, z, oT (r,z, af, 5
A S(rZT)—Am (rZT):Lf.} &)
0z 0z oT
For z=5,(7),
T.(r,z,7) =T(r,z,7)
aT\(r,z,7) } (6)



Alternate operation characteristics of a solar-ground source heat pump system 329

4) Initial conditions

Tl(r’ < T) 7=0 =Tm(r’ <5 T) 7=0 =
T(r,z,7) |, =T,(z 1) (7
5) Boundary conditions
o,
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d. A Ul =q(7) (9)
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where «,, is the overall convection heat transfer coefficient
between the ground surface and the ambient air; T, is the
ambient air temperature; ¢ is the heat flux of the GHE per
unit length ( A positive g value implies heating, i. e., heat
transfer from the soil to the fluid; while g =0 for intermittent
time) . d,, is the equivalent diameter of the U-tube, and it can

be calculated as'

d, = /2d, D,

where d,, is the outside diameter of the U-tube, and D, is

the spacing between the two legs of the U-tube. T, (z, 7) is
71

(12)

the initial soil temperature and it can be calculated as

T,(z,7) =Ty +Aexp| -z [ |cos|wr—-z /2
) 2a 2a

s s

(13)

where T, is the mean soil temperature; a_ is the soil thermal
diffusivity; A, is the annual amplitude or swing of the soil
surface temperature.

3 Solution of Control Equations

In order to simplify the mathematical model, the apparent
heat capacity method”®™, a classic method to solve phase
change problem by transferring multiple phases into a single
phase, is employed here. The main idea is that the hydrous
soil is not pure substance, and, therefore, the latent heat
effect can be expressed by a large heat capacity over a small
temperature range, and the magnitude of the heat capacity
can be determined by the phase change temperature range
and the latent heat released.

Based on the idea of the apparent heat capacity method,
suppose that C, C,, A, and A, do not depend on temperature
T; then the following definitions can be assumed in the phase
change temperature interval: T, - AT<T<T, + AT.

_eL  C +C
C(D=5x7%"> (14)
* A]_As
A(T) =2, + [T-(T,-AD] (15)

Thus the above phase change heat transfer problem with
three phase regions can be expressed uniformly as follows:
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where C, is the effective volumetric heat capacity, and C,
=c¢p; A" is the effective thermal conductivity; & is the po-
rosity; S is the source term. C, A, and C|, A, are the volu-
metric heat capacity and the thermal conductivity of the soil
for freezing and unfreezing regions, respectively.

4 Results and Discussion

The partial differential Eq. (16) is discretized based on the
control volume method. The TDMA algorithm"” is used to
solve the discrete matrix equations groups. The calculating
conditions are as follows: A, = 13.9 C, A, = 2.048
W/(m-C), A, =1.712 W/(m:C),c, =1218.6 J/(kg:C),
¢, =1637.81/(kg-C),p, =1 400 kg/m*, T, =10 C, T, =
10 °C,7,=0 C,L=333.4 MI/m’,R=2 m, H=53 m, AT
=0.8 C,e=0.18, a, =23.3 W/(m’-C). The calculated
results of the variations in middle borehole wall temperature
(MBWT) at different ratios of operation time to off time are
shown in Figs. 2 to 4. Where ¢, t, and ¢, are the operation
time, the off time and the feeding heat time, respectively.

Fig. 2(a) shows that the resumption effect of MBWT de-
pends on the ratio of operation time to off time when the
SGSHPS operated in the day and night alternate modes. The
longer the operation time and the less the off time, the worse
the resumption effect is. From Fig. 2(b), we can find that
after one month, the MBWT is below 0 C for various ratios
of operation time to off time when the off time is less than
10 h, and it cannot naturally resume up to above 0 ‘C. This
means that the off time should exceed 10 h for ensuring a
good resumption effect. It is obvious that the soil tempera-
ture resumption effect will become better and better with the
decrease in operation time. However, a good resumption
effect means a high initial cost of the solar collector because
of the increase in the collector area. Meanwhile, solar ener-
gy, an unsteady energy source, needs a large energy-storage
installation, and this will also increase the initial cost of the
whole system. Considering the integrative effect of the ener-
gy efficient utilization, system cost, and soil temperature re-
sumption together, the operation time of 10 to 12 h for the
GCHP is preferable; that is, the proportion of the operation
time of the SAHP should be confined to from 50% to 58%
for the day and night alternate mode, and thus the required
area of the solar collector can be obtained.
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Fig.2 Variations of MBWT at different ratios of operation
time to off time for day and night alternate mode. (a) For the
first day; (b) For the 30th day
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Fig.3 Variations of MBWT at different ratios of operation
time to off time for short time interval alternate mode. (a) For
the first day; (b) For the 30th day

Fig. 3 shows that the soil temperature drop velocity is de-
creased and the temperature can be partly resumed in the
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Fig.4 Variations of MBWT at different ratios of operation
time to off time for solar-U tube feeding heat alternate mode.
(a) For the first day; (b) For the 30th day

short time intermittent period, which is beneficial for impro-
ving the performance of heat pumps. The resumption effects
have a correlation with the ratio of operation time to off
time. When the total ratio of operation time to off time is
constant, the longer the intermittent time is, the better the
temperature resumption effect is. Fig. 3(a) shows that the re-
sumption effect of soil temperature operated in the time ratio
of 4 h operation time to 4 h off time is better than that oper-
ated in the time ratio of 3h operation time to 3 h off time,
and the resumption effect operated in the time ratio of 3 h
operation time to 3 h off time is better than that operated in
2 h operation time to 2 h off time. The reason is that the nat-
ural resumption velocity of soil temperature is less than the
corresponding temperature drop velocity, which results in
that the temperature resumption cannot be easily achieved
naturally in a short intermittent time. So the intermittent time
should be increased when the total ratio of operation time to
off time is constant. This helps to improve the soil tempera-
ture resumption effect. From Fig.3(b), we can further find
that after one month of operation, the MBWT cannot be re-
sumed up to 0 C when the ratio of operation time to off
time is more than 1; that is to say, the heat extraction time is
longer than the intermittent time. This is mainly caused by
the fact that a large amount of phase latent heat coming from
the freezing-thawing phase change of the soil has been ab-
sorbed during the resumption period. So the ratio of opera-
tion time to off time should be less than 1; that is, the re-
sumption time should be longer than the heat extraction time
for improving the temperature resumption effect and can be
determined by the load characteristics of the building load. If
possible, some assistant energy sources such as solar energy
should be used for decreasing the time of heat extraction of
the GHE.

Fig. 4 describes the variation trend of MBWT for the first
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and 30th day when the SGSHPS operates in the solar-U tube
feeding heat alternate mode. From Fig. 4, we can find that
the resumption of soil temperature around the GHE can be
achieved by solar heat, and the resumption effect becomes
better with the increase in feeding heat flux when the time of
feeding heat is constant. As shown in Fig.4(b), the MBWT
can be resumed to above 0 C even after one month. If the
value of feeding heat flux is enough to thaw the freezing
soil, the soil temperature resumption can also be enhanced
even though the feeding heat time is very little. Thus, the
operation mode of forced resumption of soil temperature by
solar feeding using a U-tube is advisable, and can be used
combined with the above other two modes for obtaining an
optimal effect.

5 Experimental Validation on the Model

In order to validate the presented model, an experimental
test is performed in a solar-geothermal heat pump experi-
mental system''"'. The test heat flow value is input as a
boundary condition of the model. The experimental data and
the calculated value of borehole wall temperature (BWT) at
6.5 m depth are compared, and the comparison results are
shown in Fig.5.
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Fig.5 Comparison between the experimental and calculated
values of BWT for various alternate modes. (a) For day and

night alternate mode; (b) For short time interval alternate mode; ( c)
For solar-U tube feeding heat alternate mode

We can see from Fig. 5 that the calculated temperatures u-
sing the model agree well with the corresponding test data
for various alternate operation modes. This means that the
model developed above is feasible and can be used to inves-
tigate the resumption characteristics of soil temperature in
various alternate modes for the SGSHP.

6 Conclusions

1) Various alternate modes can all make the temperature
drop velocity become low and improve the resumption effect
of soil temperature.

2) For the day and night alternate mode, the operation
time of the SAHP should be confined to from 50% to 58%
for the conditions used in this paper.

3) For the short time interval alternate mode, when the to-
tal ratio of operation time to off time is constant, the longer
the intermittent time is, the better the temperature resump-
tion effect is. The ratio of operation time to off time should
be less than 1 for obtaining a good resumption effect.

4) The operation mode of forced resumption of soil tem-
perature by solar-U tube feeding heat is advisable, and can
be used combined with the other two modes for obtaining an
optimal effect.

5) The experimental validation shows that the model de-
veloped in this paper is feasible and can be used to investi-
gate the resumption characteristics of soil temperature in va-
rious alternate modes for the SGSHP.

References

[1] Deerman J D, Kavanaugh S P. Simulation of vertical U-tube-
ground-coupled heat pump systems using the cylindrical heat
source solution[J]. ASHRAE Transactions, 1991, 97(1): 287
—294.

[2] Yavuzturk C, Spitler J D, Ree S J. A short time step response
factor model for vertical ground loop heat exchangers|[J].
ASHRAE Transactions, 1999,105(2) : 475 —485.

[3] Yang Weibo, Shi Mingheng, Chen Zhengian. Study on the
freezing characteristics of soil surrounding the ground heat
exchanger of ground coupled heat pump|[ C]//Proceedings of
the 22nd International Congress of Refrigeration. Beijing,
2007: 147 —153.

[4] Han Zongwei, Zheng Maoyu, Kong Fanhong, et al. Numerical
simulation of solar assisted ground-source heat pump heating
system with latent heat energy storage in severely cold area
[J]. Applied Thermal Engineering,2008, 28(18): 1427 —1436.

[5] Yang Weibo, Shi Mingheng, Dong Hua. Numerical simulation
of the performance of a solar-earth source heat pump system
[J]. Applied Thermal Engineering, 2006, 26 (18): 2367 —
2376.

[6] Gu Y, O’ Neal D L. Development of an equivalent diameter
expression for vertical U-tubes used in ground-coupled heat
pumps[J]. ASHRAE Transactions, 1998, 104(2): 347 —355.

[ 7] Editing Group of HV&AC Design Guide for Underground Ar-
chitecture. HV& AC design guide for underground architec-
ture[ M]. Beijing: China Architecture and Building Press,
1983. (in Chinese)

[8] Bonacina C, Comini G, Fasano A. Numerical solution of
phase-change problems[J]. Int J Heat Mass Transfer, 1973,
16(2): 1825 —1832.

[9] Rabin Y, Korin E. An efficient numerical solution for the
multidimensional solidification( or melting) problem[J]. Int J
Heat Mass Transfer, 1993,36(3):673 —683.

[10] Patankar S V. Numerical heat transfer and fluid flow[ M].
New York: Mc-Graw-Hill, 1980.

[11] Yang Weibo. Theoretical and experimental study on solar-
ground source heat pump system [ D]. Nanjing: School of Ener-
gy and Environment of Southeast University, 2007. (in Chinese)



332 Yang Weibo, Chen Zhengian, and Shi Mingheng

KPHBE HMBEAR RGN X BFIZITHME

Ik Mk ek
(" AARFRES B, B 210096)

C AEXFRT IEAFEFRFL TS, HF 210096)
CHMRFRELSZH TRFRE, HM 225127)

WE:ATHRITRKER BEARRAAO IS EAHE, RBEF TN TEILFEAEN, ELT XBFBTHFE
HreARE e U LR AR LA AR, A TR ARM, BT TEXFEZTEA TR TIET AR L
IR TS R R AR IEATREX Y T A K EIE B B L3R IR AR, 5T T R K MafeAh #
09 B R A 5 42 0 18] 8] [ B B ATAR R, £ 24 h B E AT R A AT, 2 K P AR R AR 4= 6 B I) po e ST 45 ] £
50% ~58% ; BBt F) B R K AL AN R IR L3RR IR, TA K EIR X3RRI B RIR BTG, 5 e
AR X LR AR A T A RARIBATRCR. Bk, A R 4R JUAE 52 ) B A BT AR A e TR A B AT T BRI, AR R4
A KPR H R R R G RALIEATIRAE A

KEEIR : KA R R SR B AT M AR DL ; 52 IR

hE 5SS TUS3



