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IMPROVING WATER LOOP HEAT PUMP PERFORMANCE 
BY USING LOW TEMPERATURE GEOTHERMAL FLUID 
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SUMMARY 

Water-loop heat pump (WLHP) sysems are an important option for space condtioning of commercial buildngs. They 
provide the opportunity of saving energy through heat recovery and thermal balancing when heating and cooling occur 
simultaneously. WLHP systems typically operate with loop water temperature between 16OC and 32OC. When cooling 
loads dominate, loop water temperatures are maintained below 32OC by rejecting excess heat Wi:h a cooling tower. When 
heating dominates, loop water temperatures are maintained above 16OC by a heater input. The capacity h d  efficiency of 
water-source heat pumps (WSHP) in both operating modes are strong functions of the inlet water temperature. 

The emphasis of this paper is on the analysis of system performances, energy savings of the mixed cooling and heating 
mode of the WLHP systems for it is a unique operating mode in the air-conditioning and space heating systems. The 
energy saving effect by using low temperature geothermal as the heat input for WLHP systems was examined. 

Key words: Water-loop heat pump systems, Low temperature geothermal, Cooling, Heating, Energy saving, System 
performance. 

1. WATER-LOOP HEAT PUMP SYSTEMS 

Figure 1 is a chagram of the typical WLHP systems. A 
WLHP system consists of individual water-source heat 
pumps (WSHP) located in each zone. The heat pumps 
are linked with a common circulating water loop that 
serves as a heat sink when cooling and a heat source 
when heating. The system is capable of operating in 
three modes. 

Coolinn Onlv: In cooling--load--dominate, heat is being 
added to the loop by the heat pumps, and the temperature 
of the water in the loop increases. A cooling tower is 
used to maintain loop water temperatures below a 

maximum level, usually about 32'C. 

Heatinn onlv: In heating-load--dominate, heat is being 
removed from the loop by the heat pumps, and the 
temperature of the water in the loop decreases. A heater 
is used to maintain loop water temperature above a 
minimum level, usually about 16OC. 

Mzxed cooling and heatinn: In t h s  mode, some of the 
heat pumps operate in cooling mode and others in 
heating mode. Heat that is rejected to the loop by the 
heat pumps in cooling mode can serve as a heat source 
for those heat pumps in heating mode. If the amount of 
heat added to the loop by the units in cooling mode 
exceeds the amount of heat removed from the loop by the 
heat pumps in heating mode, then the excess heat is 
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Figure 1 Water-loop heat pump systems 
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rejected to the ambient by the cooling tower. If the 
amount of heat rejected to the loop by the units in cooling 
mode is less than the amount of heat removed from the 
loop by the heat pumps in heating mode, heat is added to 
the loop by a heater input. The heater can be a gas or 
oil--fired boiler, or electric heater, or ground--source 
energy, e.g. the low temperature geothermal shown in 
Figure 1. 

These features make WLHP systems attractive for many 
commercial and public buildings for the energy saving by 
transferring or balancing heat from buildmg areas 
requiring cooling (typically, the core) to areas requiring 
heating simultaneously (1.e. perimeter zones). 

In the three operating modes: cooling only, mixed 
cooling and heating, and heating only, the mode of 
mixed cooling and heating is a unique operating mode in 
the air-conditioning and space heating systems, and its 
system performance and energy saving is characteristic 
differently from the conventional systems. The 
emphasis will be on the analysis of load features, 
operating characteristics, energy saving and system 
performance of the mixed cooling and heating mode for 
WLHP systems. The conditions of heating only and 
cooling only for WLHP systems are similar to the 
conventional air-condtioning and heating systems, and 
the discussions on them will not be taken in this paper. 

The climatic condtions will be the base of the 
performances for the WLHP systems. Tianjin, for 
example, is in the North of Chma. The four seasons vary 
clearly. The average outdoor temperature of a year is 
1 1.0-13.3"C. The minimum temperature is -18.3"C, 
and the maximum temperature is 39.9"C in a year. The 
main meteorological parameters in heating season are 
shown below: 

Item Value 
Indoor calculation temp. 18 "C 
Outdoor calculation temp. -9 "C 
Average outdoor temp. during 0.3 "C 
a heating season 

1+8 "C 
during a heating season 
Duration of a heating season 147 Days/y 
Heating degree-days of 2014"C.day 
a heating season 

Start and end outdoor temp. 

2. WSHP PERFORMANCE AS A FUNCTION OF 
LOOP TEMPERATURE 

In WLHP systems, the loop water temperature is 
designed to operate between 16°C and 32°C by the 
cooling tower and the heater. The capacity and 
efficiency of WSHPs in every operating mode are strong 
functions of the inlet water temperature, which is the 
loop water temperature of the WLHP system. Table 1 
shows the average relative performance values for 
WSHPs in accordance with hr-Con&tioning and 

Rehgeration Institute (ARI) Standard 320 at the 
following inlet water temperature: for cooling 
performance ratings-85"F (29.4"C), and for heating 
performance ratings--70°F (21.1 "C). 

During the cooling-dominated periods, the loop 
operators at the upper extremes of the temperature 
ranger, where the COPc is as much as 6% below the ARI 
rating and the COPh is as much as 8% above the ARI 
rating. During the heating--dominated periods, the loop 
operators at the lower extremes of the temperature 
ranger, where the COPh is as much as 4% below the ARI 
rating, but the COPc is as much as 30% above the ARI 
rating[']. 

Table 1 Performance of WSHPs at Various Loop 
Temperatures 

Loop Relative Relative Relative 
Temp. Cooling Cooling Heating 

ARI Capacity Capacity 
"F('C) Rating Q S  COP$ QhR* 
90( 32.2) 0.98 0.94 1.50 
85(29.4) Cooling 1.00 1.00 1.45 
SO(26.7) 1.02 1.06 1.40 
75(23.9) 1.04 1.12 1.35 
70(21.1) Heating 1.06 1.18 1.30 
65(18.3) 1.08 1.24 1.25 
60(15.6) 1.10 1.30 1.20 

Relative 
Heating 

COPhR 
1 .os 
1.06 
1.04 
1.02 
1 .oo 
0.98 
0.96 

*Heating capacity/ARI-rated cooling capacity 

These performances of WSHPs trends as a function of 
loop water temperature, shown in Table 1, can be 
represented by the following linear equations: 

COPc = COPcR COPCAR] = (1.64-0.0216 T 3  
COPCAR] ( 1 )  

COPh = COPhR . COPhm = (0.85+0.0072 T d  
COPhm ( 2 )  

T, ---- The loop water temperature "C. 

COPCAR] , COPhm ---- The coefficients of performance 
of heat pumps in cooling and heating respectively at ARI 
Standard for cooling 85°F (29.4"C and heatin 70°F 
(21.l"C). In this paper, the COPc , COPh were 
assumed: 

A F A A R f  

COP@ = 3.2, COPhm = 4.0 

3. LOAD FEATURES OF MIXED COOLING AND 
HEATING 

To simplify the presentation, a specific combined cooling 
and heating load of the buildings, is assumed. This load 
is shown in Figure 2 and can be represented by the 
equations. 
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Most core zones can be manageable, 
cooling load (Qc) is constant 90% of the time. 

and the core 
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Qc= A relative value of 1.0 (3) 
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Figure 2 Relative cooling and heating loads 
*M -- The relative heat loss at outdoor temperature -9'C, 
referenced to a core cooling load Qc, with a relative value 
of 1.0. 

Perimeter of the buildlngs is the most critical and 
variable, being constantly af€ected by outdoor 
temperatures changed, wind, rain etc. The perimeter 
heating load (Qh) is strong function of the size, structure 
of the buildmg at a certain outdoor temperature. For 
simpllfication, the Qh is assumed as a linear equation 
with the outdoor temperature (TA) referenced to a core 
cooling load Qc, with a relative value of 1 .O. 

The rate of heat a t i o n  to the loop by the core heat 
pumps operating in the cooling mode can be expressed 
as: 

Qa= Qc. ( 1+ 1 /COPc) ( 5 )  

The rate of heat removal from the loop by the perimeter 
heat pumps operating in the heating mode is: 

Qr = Qh. (I-l/COPh) = Qc. (8-TA) * W17 . ( I -  
l/COPh) (6)  

When Qr is more than Qa, the loop heater comes into use 
to maintain the loop water temperature above 16OC. The 
heat output to the loop by the heater is the dflerence of 
Qr and Qa, wluch can be delivered as follow 

WL = Qr - Qa = Qc. [(8-TA) . W17 . (1-l/COPh) - 
( 1 + 1 /COPc)] (7) 

The power input to the heat pumps in cooling and 
heating mode can be expressed as follows respectively: 

w c  = QC/COPc (8) 
Wh = Qh/COPh = Qc. (8-TA) . M/17 /COPh (9) 

In the operting mode of mixed cooling and heating, the 
power input to the heat pumps is the sum of the power 
supplied to the units operating in the cooling mode plus 
the power supplied to the units in the heating mode. 
Whlch can be expressed as: 

4. BALANCE OUTDOOR TEMPERATURE 

A balance point of the loop can be delivered from 
equation (7). That is, at an outdoor temperature (TA~ ), 
the amount of heat added Qa by the heat pumps that are 
cooling equals the amount of heat removed Qr by the 
heat pumps that are heating. At TAb. the cooling tower 
and a heater is keeping off. Above T A ~ ,  the cooling 
tower is on to reject excess heat with a 32OC leaving 
water temperature. Below T A ~ ,  a heater comes into use, 
and the loop water temperature moves to 16OC. From 
equation (7), TAb can be obtained: 

In t h s  Qscussion, the M is assumed to be 6.0, and the 
TAb can be obtained as 3.09OC. 

T A ~  is variable, and critical function of the relative heat 
loss in the perimeter zones. Which is shown in Figure 3. 
It shows that T A ~  increases with the increase of relative 
heat loss @I ). If M is large enough referenced to Qc, or 
Qc is small enough referenced to M, the T A ~  approaches 
the starting temperature of heating which is 8OC. It 
means that the heating load dominates, and operating 
mode of heat pumps tends to the heating only. 

Balance temperature ("C) 

4 

3 4  

-7 v 
10 

Relative heat loss 

Figure 3 The variation of balance temperature with the 
relative heat loss 
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5. OPTIMUM LOOP WATER TEMPERATURE 

Both COPc and COPh are the function of loop 
temperature, there may be other loop operating 
temperature that would result in lower energy 
consumption. To determine the optimum loop 
temperature for a particular condition, the power input 
was expressed as a function of loop temperature, 
differentiated to obtain the slope, and the derivative was 
set equal to zero; this yielded the loop temperature at 
which lowest power input occurs. 
Using equation (1) and (2), equation (10) can be 
expanded to: 

Whp= Qc/[(l.64-0.0216 .TL).COP~ART] + 
Qh/[ (0.85+0.0072.T~)-COPh~ ] (12) 

Differentiating this expression with respect to T,, setting 
the derivative equal to zero, and solving for the optimum 
T,, which yields a minimum power input, the following 
is obtained: 

Figure 4 shows that the higher the heating to cooling 
load ratio (QWQc), the higher the optimum loop 
temperature. At the lower or higher QWQc, the values 
indicate very low and high optimum loop temperature 
respectively, whch are definitely not practical for they 
beyond the normal operating range of 7OC to 32OC. It 
just suggests that the loop temperature should be kept as 
low or high as possible for best overall efficiency. The 
reasonable loop operating temperature should be kept 
within the range of 7OC to 32OC outlined in the Figure 4. 

1 1 1 1 ~ 1 1 1 I I I 1 1 1 ~ 1 1 1 l I I I I l ~ I I I I I I I I I ~ I I I I 1 1 1 1 I ~  

2 4 6 8 10 

Heating to cooling load ratio -10 

Figure 4 The variation of optimum loop temperature 
with the heating to cooling load ratio 

6. POWER USE BY HEAT PUMPS AND LOOP 
HEATER 

The power consumption of the WLHP systems is the sum 
of the power supplied to the heat pumps plus the energy 
supplied to the loop heater and the cooling tower. To 
simpllfy the presentation, the energy input to the cooling 
tower is not included for it can be negligible at these 
winter outdoor temperatures. 

For non-optimum loop temperature conditions, the heat 
pumps operate at the loop water temperature 32OC and 
16OC respectively with the outdoor temperature above 
and below the balance temperature T A ~ .  In these 
condttions, the power input to the heat pumps in cooling 
and heating mode can be expressed as follows from 
equations (1) (2) (8) (9). 

WC = 0.33 ( 8 " c - T ~ ~ )  
WC = 0.24 (TA~ --9OC) 

The total power input to heat pumps is: 

Whp=Wc+Wh 

Below the balance temperature T A ~ ,  the loop heater 
comes into use. The heat output to the loop by the heater 
can be expressed as follow by equation ( 7 ): 

WI = (S-TA~) . W22.94 - 1.24 

The results of this analysis for non-optimum conditions 
are shown in Table 2 and Figure 5 with solid lines. The 
total power input to heat pumps Whp is increased 
linearly with the outdoor temperature TA. T A ~  is a slight 
discontinuity, as a result, there are two straight liners 
above and below T A ~  respectively. The increase of Whp 
with TA is correspondent to the increase of relative heat 
loss M with TA. 

Below T A ~ ,  the loop heater comes into use, and the 
increase rate of energy use (i.e. the linear slope) by heater 
is larger than that of Whp. Below -2SoC, the heater 
output is higher than Whp. 

Similar to the analysis of non-optimum conditions, the 
calculations of optimum condttion for the same loads are 
shown in Table 3 and Figure 5 with the dashed lines. 
Significant reductions in average power to heat pumps 
are indtcated when the loop is operated at these optimum 
temperature levels. Energy savings by heat pumps 
operating at optimum loop temperatures would be at 5% 
to 10% level. The loop heater output is increased at the 
same operating conditions. It's found that the amount of 
energy increased by the heater output equals the amount 
of power reductions by heat pumps, and the total power 
use by the heat pumps and loop heater is the same for the 

demonstrated that the conservation of energy of the 
WLHP system is indtcated for it's a close energy system. 

non-optimum and optimum condtions. It's 
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Accumulated energy use during a heating season is an 
important parameter, which can directly indicate the 
amount of energy consumption and energy saving effect 
for WLHP systems during the operating season. 
Accumulated energy use during a heating season can be 
calculated by use of the heating degree-days. In the 
paper, the relative values W R ~ ~  are used, which 
WR~"' is the ratio of accumulated energy use during a 
heating season for power input to heat pumps, loop 
heater output and the total power use to the value of 
Qc'"' as the accumulated energy use during the heating 
season for core cooling load Qc, wluch is a relative value 
of 1.0. 

E 
0 1 1  I I I / ! ' l I l  ~ 1 i ~ ~ ~ ' l ~ ~ I l ~ ~  I / / / l l  

- G  -4 i 

-teapaatlperc) 

Figure 5 The variation of power use by heater and heat 
pumps with outdoor temperature 

Table 2 Power input to the loop and beat pumps 

Outdoor Heating Loop Power input Loop Total 
temp. load temp. to heat pumps Heater Power 
OC Qh OC Cool HeatTotal output use 
8 0.00 32 0.33 0.00 0.33 0.00 0.33 
6 0.71 32 0.33 0.16 0.49 0.00 0.49 
4 1.41 32 0.33 0.33 0.66 0.00 0.66 
3.09 1.73 32 0.33 0.40 0.73 0.00 0.73 
2 2.12 16 0.24 0.55 0.79 0.33 1.12 
0 2.82 16 0.24 0.73 0.97 0.85 1.82 
-2 3.53 16 0.24 0.91 1.15 1.38 2.53 
-4 4.23 16 0.24 1.10 1.34 1.90 3.24 
-6 4.94 16 0.24 1.28 1.52 2.42 3.94 
-8 5.65 16 0.24 1.46 1.70 2.94 4.65 
-9 6.00 16 0.24 1.55 1.79 3.21 5.00 
*wRT"' 0.26 0.81 1.07 1.22 2.29 

All heating load, power input to HPs, and heater putput 
are referenced to a core cooling load Qc, with a relative 
value of 1 .O. 
* W R ~ ~ ~  is the relative accumulated energy use during a 
heating season referenced to the value of QcTd as the 
accumulated energy use during the heating season for 
core cooling load Qc, with a relative value of 1 .O 

Table 3 Power input to the loop and beat pumps at 
optimum loop temperature 

Outdoor Heating Loop 
temp. load temp. 
O C  Qh "C 
8 0.00 7.00 
6 0.71 7.00 
4 1.41 7.64 
3.26 1.73 11.25 
2 2.12 16.32 
0 2.82 22.10 
-2 3.53 26.32 
-4 4.23 29.61 
-6 4.94 32.00 
-8 5.65 32.00 
-9 6.00 32.00 
*wRTd"' 

Power input Loop Total 
to heat pumps Heater Power 
Cool Heat Total output use 
0.21 0.00 0.21 0.00 0.21 
0.21 0.20 0.41 0.00 0.41 
0.21 0.39 0.60 0.00 0.60 
0.22 0.45 0.67 0.00 0.67 
0.24 0.55 0.79 0.33 1.12 
0.27 0.70 0.97 0.86 1.82 
0.29 0.85 1.14 1.39 2.53 
0.31 1.00 1.31 1.93 3.24 
0.33 1.14 1.47 2.47 3.94 
0.33 1.31 1.64 3.01 4.65 
0.33 1.39 1.72 3.28 5.00 
0.28 0.76 1.04 1.24 2.28 

All heating load, power input to HPs, and heater output 
are referenced to a core cooling load Qc, with a relative 
value of 1.0. 
* W R ~ ~ '  is the relative accumulated energy use during 
a heating season referenced to the value of QcTd as the 
accumulated energy use during the heating season for 
core cooling load Qc, with a relative value of 1.0. 

The calculations of W R ~ ~  for non-optimum and 
optimum conditions are shown in the last row of Table 2 
and Table 3. It's shown that the W R ~ ~  of power input 
to heat pumps for optimum condtion is lower than that 
of non-optimum condition, but the WR~"""' of loop heater 
output for optimum condition is lugher than that of non- 
optimum condtion, and the WR'"' of total power use 
for optimum and non-optimum condtion is the same. 
The conclusions of this analysis are the same as above. 

Figure 6 shows the variation of relative accumulated 
energy use during a heating season WR~"' with the 
relative heat loss M. The results indicate the same 
conclusions for the values W R ~ ~  of power input to heat 
pumps, loop heater output and the total power use. 

7. ENERGY SAVING EFFEXX FOR WLHP 
SYSTEMS BY USING LOW TEMPERATURE 
GEOTHERMAL 

A heater is used for the loop of WLHP systems to 
maintain loop water temperature above a minimum level, 
usually about 16OC. The heater can be a gas or oil--fired 
boiler, or electric heater, or ground-source energy, e.g. 
the low temperature geothermal shown in Figure 1. 

The results of the analysis on the power use by heat 
pumps and loop heater above show that the loop heater 
output is the large amount of energy consumption in the 
WLHP systems. From the calculations, a point of 
intersection can be obtained. Figure 6 shows that, above 
t h s  point, the W R ~ ~  of loop heater output is hgher 
than the W R ~ ~ ~  of power input to heat pumps. Below 



Figure 6 The variation of relative accumulated energy 
use W R ~ ~  with relative heat loss M 

this point, the W R ~ ~  of loop heater output is lower 
than the W R ~ ~  of power input to heat pumps. For 
example, in non-optimum condtions, this point is 5.38 
for relative heat loss M. 

As a result, the energy consumption by loop heater is 
quite large in the energy use of WLHP systems, so the 
energy saving on loop heater is considerably valuable and 
effective. 

It's quite common that the discharged water temperature 
of most geothermal space heating systems is higher than 
45OC, some even reachmg 6OoC in Chma. If this lund of 
abandon energy can be used to the WLHP systems as the 
loop heat input, the energy saving is not only gained 
effectively, but also the energy waste and pollution by the 
geothermal water dscharged at hgh temperature would 
be prevented or avoided. 

From the calculations above, the energy saving effect of 
53.3% for non-optimum condtions and 54.4% for 
optimum conditions can be obtained by using the 
discharged geothermal water or low temperature 
geothermal to replace the boiler, which the boiler's 
thermal efficiencies are not counted in. 
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8. CONCLUSIONS 

Water-loop heat pump systems are an important option 
for space condtioning of commercial and public 
buildings. The energy is saved by transferring or 
balancing heat from building areas requiring cooling 
(typically, the core) to areas requiring heating 
simultaneously (i.e. perimeter zones). 

The mixed cooling and heating mode of the WLHP 
systems is a unique operating mode in the air- 
condtioning and space heating systems. 

The energy saving effect of 53.3% for non-optimum 
condtions and 54.4% for optimum condtions can be 
obtained by using the low temperature geothermal to 
replace the boiler. 
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