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ABSTRACT 
The use of dodgy rules of thumb, combined with lack of overall system understanding, has lead to the overall 
accepted “fact” that using ammonia as refrigerant in heat pump systems, require either low temperature heat-
ing systems or high temperature heat pumps. This “fact” is, in fact, not correct, but has, never the less, virtu-
ally banned the use of an extremely efficient refrigerant in heat pump applications. When the heating system 
is analyzed, designed and run carefully, it is seen that the main bulk of the heat demand is at temperature 
levels where a standard ammonia chiller, has no problem performing well. We will also show that a little 
cycle tinkering, using sob-coolers for hot water production, will make a chiller able to deliver hot tap water, 
with increased cycle efficiency as a result. 

1.  INTRODUCTION 
When designing a heat pump based heating system, the main challenge is not designing the heat pump, but 
the design and running of the heating system. In our experience heating systems are usually run at tempera-
ture levels that are far too high, compared to the actual needed temperature level. We have developed a series 
of simple tools to assess the performance of a heating system at off-design, thereby being able to improve the 
precision of our recommendations regarding heat pump size and temperature compensation curves. By using 
this approach, we have discovered that the bulk of the “rules of thumb” are better not to be regarded at all, as 
they will lead to systems of big investment and poor performance. 

2.  HEATING SYSTEM. DESIGN AND BEHAVIOUR 
The primary concern when designing heat pump based heating system, is to ensure sufficiently low heat 
distribution system return temperature at constant header flow. It is therefore customary to design the distri-
bution header as a serial header as opposed to the standard parallel header, the latter normally used in district 
heating or boiler based systems. 

 
Figure 1 shows the different header configurations 
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The heating system is designed to maintain the wanted indoor temperature at design outdoor temperature 
when the building is empty, i.e. no internal loads, and the ventilation is running at full load. This is actually 
a situation that should never occur. 

2.1.  Example building 
To make the points in the following clearer, we will look at an office building, located in Oslo. The area is 
17 000 m2, with a population density of 20 m2/person, a ventilation intensity of 12 m3/h pr. m2, outdoor de-
sign temperature is -20°C, and the indoor design temperature is 22°C.  

2.1.1.  Building heat demand. Design. 

A building of this type, built in accordance with Norwegian building codes, will have a transmission and 
infiltration heat loss of app. 400 kW. The building is ventilated at an “under-temperature” of 3°C, which 
gives an additional heat demand of 220 kW. Thereby the building heating system is to be designed for 620 
kW. 

2.1.2.  Ventilation heat demand. Design 

The ventilation system is designed for 204 000 m3/h. Using a recuperator with an efficiency of 80%, the sup-
ply air, at design conditions, will have a temperature of 13.6°C leaving the recuperator. As stated above, the 
air is supplied at an under-temperature of 3°C, which means 19°C1. Passing from the ventilation plant to the 
supply valve, the air usually heats up by app. 1°C, and all the energy supplied to the fans inside the ventila-
tion plant will result in an increased air temperature. This fan energy, using Scandinavian standards, usually 
results in a temperature gain of 1°C2. This means that the heating coil in the ventilation plant has to deliver a 
supply temperature of 17°C. A temperature gain of 3.4°C corresponds with a heat demand of app. 240 kW.   

2.2.  Off-design heat load. Building heating. 
As seen above, the total design heat demand for this building is 860 kW, 620 kW for the building heating 
system, in the following referred to as radiator system, and 240 kW for ventilation heating. In these figures 
the internal heat and ventilation loads are not taken into consideration. Doing this reveals a quite different 
heat demand, even at design outdoor temperature. Furthermore the ventilation will be run in accordance with 
the presence of people, usually by CO2 sensors in the extraction ducts.  
 
Table 1 shows the actual heat demands at design outdoor temperature -20°C 
  Day Night 
 Spesific load Intensity Load Intensity Load 
People 80 W/person 80% 54 kW 0% 0 kW 
PC’s 100 W/pcs 80% 68 kW 0% 0 kW 
Light 10 W/m2 100% 170 kW 5% 9 kW 
Misc. 0.5 W/m2 100% 9 kW 100% 9 kW 
Total internal load  301 kW  18 kW 
Transmission and infiltration loss at -20°C 400 kW  400 kW 
Heat demand ventilation under-temp. 80% 176 kW 0% 0 kW 
Nett radiator demand  275 kW  383 kW 
Nett radiator demand/design demand  44%  62% 
     

Nett ventilation heat coil demand 80% 192 kW 0% 0 kW 
     

Total heat demand  467 kW  383 kW 
Total heat demand/design heat demand  54 %  45 % 
 
Using this method of calculation from design outdoor temperature up to maximum, in this case 25°C, by 
steps of 1°C, a picture of how the heat loads distribute during the year, emerges. In this case, calculations for 
four different situations, namely, workdays-daytime, workdays-night, weekend/holidays-day, and week-
end/holidays-night, are performed.  

                                                 
1 According to the late professor Ole Fanger, DTU :“Air is to be served as white wine, cool and dry” 
2 This gain is from a cooling standpoint often referred to as a parasitical load. 
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Temperature duration curve. Oslo
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Figure 2 shows temperature duration curves for Oslo 

Heat demand duration curves. Oslo

Total design heat 
demand

0

100

200

300

400

500

600

700

800

900

0 1752 3504 5256 7008 8760

Hours

H
ea

t d
em

an
d 

[k
W

]

Average total heat demand. Workdays, daytime
Average heat demand. Workdays, Night
Average heat demand. Weekends/hollydays. Daytime
Average heat demand. Weekends/hollydays. Night
Total design heat demand

 Workdays. Daytime  Workdays. Night  Weekends/hollydays

 Daytime  Night

Figure 3 shows the heat demand duration curves for the 
sample building 

 
From this we find the annual heat demand to be 891 000 kWh, or 52 kWh/m2, which is coherent with experi-
ence of similar buildings in Oslo 
 
When converting the heat load to temperature level in the radiator system, eq. (1) is used. 
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The ventilation heating coil will be designed for delivery of the air at room temperature. This gives a bigger 
coil, and it gives the opportunity to move the heat load from one delivery system to another. The actual tem-
perature level in the heating coil is determined from eq. (2)  
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The heating systems to be examined have design radiator temperature levels of TSUPPLY/TRETURN : 80/60, 
80/50, 70/40 and 60/40, and the heating coil will be designed for a total load of 460 kW at a temperature pair 
of 45/30. It is a supposition that the header pump is running at constant flow. Checking the actual tempera-
ture levels in the heating system will give an indication whether or not a high temperature heat pump is nec-
essary.  
 
Table 2 shows the temperature levels in the heating system at design outdoor temperature -20°C and annual 
mean supply temperature 

Day Night Radiator design 
temperatures TSUPPLY [°C] TRETURN [°C] TSUPPLY [°C]  TRETURN [°C]  

Annual mean supply 
temperature [°C] 

80/60 52.1 34.8 64.3 45.7 44 
80/50 51.7 29.1 60.9 42.4 41 
70/40 46.4 23.8 54.0 35.5 38 
60/40 41.4 26.4 47.5 35.2 37 

 
Examining these temperature levels combined with the heat demand duration curves shown in Figure 
3, it is quite clear that neither a high temperature heat pump nor a low temperature heating system is 
required for building heating. 
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3.  VARIOUS HEAT PUMP DESIGNS AND ENERGY EFFICIENCY 
The question of how to supply hot water still remains. Traditionally this has been handled in three ways, 
either locking the system temperature at a sufficiently high level, app. 65°C, or using a de-superheater or just 
taking what one can get as hot water preheat, at the end of the heating system header, leaving the rest of the 
heating to either a boiler or electrically heated hot water tanks. 
The first solution will require a two-stage heat pump when working with ammonia, the second will require a 
de-superheater, and the third will have no implications to the basic chiller design. 

3.1.  Design parameters and calculation 
The chiller based heat pumps are designed for a evaporation temperature of -2°C according to a cold heat 
supply of 2°C which is remained as a constant during system simulations. Design condensation temperature 
is 51°C giving a maximum heat supply temperature of 48°C. The condensation temperature varies with heat-
ing system temperatures. It is a presumption that the compressors are reciprocating, ensuring best efficiency 
at varying condensation conditions. The two-stage heat pump has a delivery temperature of 65°C, giving a 
condensation temperature of 68°C, which is kept constantly.     

3.2.  Basic energy efficiency 
In order to give an easy method of design comparison, a factor called NEHR has been devised. NEHR mean-
ing Nett Energy to Heat Ratio. This is a simple tool to evaluate the overall energy efficiency of a heating 
system, including hot water supply. The performance and heat coverage rates, etc used in the following are 
found on the basis of maximum economical efficiency, which is to be treated later. To find NEHR, Heat 
Coverage (HC), Hot Water Coverage (HWC), Hot Water Ratio (HWR), COP of the heating system heat 
pump (COPHS), COP of the hot water supply heat pump (COPHWS), efficiency of the residual heat supply 
(ηBOIL) and efficiency of the residual hot water supply (ηHWS) are needed. NEHR is then found using eq. (3) 
 

HWSBOILHWSHS
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η
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The systems first checked are heatings systems 80/50 and 70/40. The heat pump COP’s are found by the help 
of Sabroe MatchMaker Program COMP1- Ver. 18.01F. The condensation temperatures is this case are found 
from the annual mean supply temperature shown in Table 2. The hot water is assumed to be 10% of the heat-
ing demand 

Two stage heat pump
Standard chiller with head 

cooling.

Chiller with head cooling and 

de-superheater for hot water 

production

 
Figure 4 shows the basic system designs 
 
Table 3 compares the energy efficiency of two-stage, standard and de-superheat systems 
 HC HWC HWR COPHS COP HWS 

�
BOIL 

�
HWS NEHR Energy supply [kWh] 

Two-stage 0,98 1 0,1 3,37 3,37 0,85 0,98 34,4 % 337 124 
80/50 standard 0,856 0,3 0,1 4,45 4,45 0,85 0,98 44,0 % 431 143 
80/50 de-sup. 0,856 1 0,1 4,45 4,45 0,85 0,98 38,4 % 376 558 
70/40 standard 0,91 0,3 0,1 4,75 4,75 0,85 0,98 37,5 % 367 702 
70/40 de-sup 0,91 1 0,1 4,75 4,75 0,85 0,98 31,9 % 312 144 
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Introducing sub-coolers used to preheat the hot water, two objectives will be achieved, Firstly, the efficiency 
of the heat pump cycle is enhanced, and the need for de-superheating is greatly reduced or  the hot water 
production potential will increase from app. 15% of the total heat output to app. 25%. Having water entering 
the sub cooler at 10°C, the ammonia will reach app. 13°C without having to install an excessively large heat 
exchanger. Another advantage of hot water production in this region of the heat pump cycle is that it will be 
a liquid/liquid exchanger, as opposed to the de-superheater, which is a gas/liquid exchanger. The volumetric 
ammonia flow in the sub-cooler will be app. 1/50 of the volumetric flow through the de-superheater. How-
ever the sub-cooler in combination with the head cooling will in this case not be enough to supply the entire 
needed hot water heating. Therefore the comparison done in Table 3 will be repeated for the systems shown 
in Figure 5. 
 

 
Figure 5 shows the different sub-cooler systems 

Figure 6 shows the processes with and without sub-coolers 
 
Table 4 shows the energy efficiency for two-stage, standard, de-superheater, sub-cooler and sub-cooler with 
de-superheater 
 

HC HWC HWR COPHS COP HWS 
�

BOIL 
�

HWS NEHR 
Energy supply 

[kWh] 
Two-stage 0.98 1 0.1 3.37 3.37 0.85 0.98 34.4 % 337 000 
80/50 standard 0.856 0.3 0.1 4.45 4.45 0.85 0.98 44.0 % 431 000 
80/50 de-sup. 0.856 1 0.1 4.45 4.45 0.85 0.98 38.4 % 371 000 
80/50 sub-cooler 0.856 0.96 0.1 4.76 4.76 0.85 0.98 37.3 % 366 000 
80/50 sub-cooler and 
de-superheater. 

0.856 1 0.1 4.76 4.76 0.85 0.98 37.0 % 363 000 

70/40 standard 0.91 0.3 0.1 4.75 4.75 0.85 0.98 37.5 % 368 000 
70/40 de-sup 0.91 1 0.1 4.75 4.75 0.85 0.98 31.9 % 312 000 
70/40 sub-cooler 0.91 0.92 0.1 5.08 5.08 0.85 0.98 31.1 % 305 000 
70/40 sub-cooler and 
de-superheater 

0.91 1 0.1 5.08 5.08 0.85 0.98 30.5 % 299 000 
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Condensation pressure duration curve 70/40 
system
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Figure 8 shows variation of condenser pressure during a 
year 

4.  ECONOMIC EFFICIENCY 
Being able to find good and energy efficient solutions is fine, but the implementing depends on the economic 
efficiency of the solution. 
 
The two-stage heat pump performs very well energy 
wise, but when the economy is checked against the 
80/50 standard solution it is clear that the two-stage 
solution in this case is not viable. It will turn out a 
simple pay back time of app. 18 years. 
 
The method of assessing the economic efficiency is 
annual cost comparison. The annual costs consist of 
annual capital cost, annual energy costs and annual 
maintenance cost. 
 
The annual capital costs are found as the total invest-
ment calculated as an annuity over 25 years and 7% 
interest. In the investment is included the heat pump, 
pipework and radiators, the last two being constant for 
each system. They amount to 
 
Temperature 

pair 
Pipe work 

costs �  
Radiator cost � . 1020 pcs 

Total �  

80/60 423 000 244 800 667 800 
80/50 343 000 280 500 623 500 
70/40 343 000 397 800 740 800 
60/40 423 000 494 700 917 700 

 
The annual energy costs are calculated from an elec-
tricity price of 0,0875 � /kWh and a “heat” price of 
0,0610 � /kWh. 
 
The annual maintenance costs are assess by a factor 
called pressurehours. This factor is found as the area 
under the pressure duration curves shown in Figure 8. 
This factor has been devised, because suppliers when 
asked will answer something along the line of “oh it’s 

worked pretty hard” or “well that’s no problem”, but 
without any form of quantification of the strain the 
machine is subjected to, and the necessary mainte-
nance accordingly.  
 
In the simulation different heat pump design per-
formances have been feed in, and the result are 
shown in Figure  9. As it is seen, even though the 
design heat demand in the heating system is 860 kW, 
the economically most efficient heat pump perform-
ance is between 150 kW and 190 kW or 17%-22% of 
the design heat demand. 
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the heat pump performance. Developed with the assis-
tance of Per O. Thorkildsen, Johnson Controls, Norway 
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5.  SUMMARY 

5.1.  How well does the standard chiller perform when used as a heat pump? 
From the results shown in Table 5 it is quite obvious that a standard ammonium chiller can perform very 
well when used as a heat pump. 
 
Table 5 shows the how well a standard chiller can perform when used as a heat pump 

Heat pump performance [kW] 153  Heat pump performance [kW] 181 
Total annual cost [� ] 96 157  Total annual cost [� ] 96 172 
COP total 4.25  COP total 4.75 
Heat rate coverage [%] 17.8  Heat rate coverage [%] 21.0 
Energy coverage [%] 78.7  Energy coverage [%] 91.1 

80/60 

Energy saving [%] 60.1  

70/40 

Energy saving [%] 71.9 
Heat pump performance [kW] 165  Heat pump performance [kW] 181 
Total annual cost [� ] 90 122  Total annual cost [� ] 108 315 
COP total 4.45  COP total 4.78 
Heat rate coverage [%] 19.2  Heat rate coverage [%] 21.0 
Energy coverage [%] 85.6  Energy coverage [%] 91.7 

80/50 

Energy saving [%] 66.3  

60/40 

Energy saving [%] 72.5 
 
It has to be noted, that these results are for standard chillers without de-superheaters or sub-coolers. The hot 
water supply is not included in these results. 

5.2.  Results of cycle tinkering 
The use of de-superheaters will enable a standard chiller to deliver app. 15% of its heat load as hot water. 
This will come at the cost of increased pressure line temperature loss. A sub-cooler used for hot water pro-
duction can increase the heat delivery by app. 10% without any influence on pressure line loss. On the con-
trary, a sub-cooler will enhance the overall performance of the heat pump.  
 
Furthermore a balanced use of sub-coolers and de-superheaters will also reduce the investment, as a sub-
cooler will be a more efficient heat exchanger, than is the case for a de-superheater. 
 
This means that a sub-cooler will deliver hot water not only for free, but actually at a net gain, both energy 
wise and economically.  

6.  CONCLUSION 
From the above we can draw the following conclusions 
 

• A standard chiller is capable of good performance when used as a heat pump.  
 

• “Of the top of my head” statements regarding system temperature and heat pump performance, 
should be avoided, and if presented for such statements one should be very careful taking them at 
face value. 

  
• Before designing ANY heat pump installation the heating system must be subjected to a thorough 

analysis.  
  

• A sub-cooler installation will give considerable better cycle efficiency, both when used as heat pump 
and as chiller. 

 
• A condenser pressure duration curve, used to determine the annual pressure hours will give a good 

indication on the strain on the heat pump.  
  

• Do not stop tinkering with the heat pump cycle. One never knows what turns up. 
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NOMENCLATURE 
Symbol   Subscript  

h Efficiency  ACT Actual 
NEHR Nett Energy to heat ratio  BOIL Boiler �  Euro  DES Design 

HC Heat coverage  HS Heating system 
COP Heat pump coefficient of performance  HWS Hot water supply 

Q&  Heat rate kW M Mean 
HWC Hot water coverage  RAD Radiator 
HWR Hot water ratio  RET Return 

T Temperature °C/K SUPL Supply 
   TOT Total 
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