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ABSTRACT 
 

The behaviour of heating systems, working at off-design conditions, has as a whole been neglected 
by practitioners and researchers alike. With increasing use of heat pumps in heating systems, this 
lack of knowledge leads to systems that in their overall design has serious flaws, i.e systems that are 
run poorly, systems where the heat pump capacity is too high, systems with unnecessary big radia-
tors and systems where the heat pumps are designed for unnecessary high pressure levels. In this 
paper we will show that for a typical office building the use either of low temperature heating sys-
tems or high pressure class NH3 heat pumps, will only give an extra heat delievery of app. 3%. The 
point is then, is the 3% worth the extra investment? We will show that usually, from an economic 
point of view, it is not.      

1. INTRODUCTION 
 
This paper is a result of the experience gathered from working with the off-design conditions of 
heating systems. Therefore, there will be no new theory presented, but instead old knowledge in a 
new context, yielding new understanding. The work leading to this better understanding of heating 
systems behaviour was pratical, which means that wellknown correlations between heat demand, 
heat load and temperature levels have been utilised. Relationships that can be found in standard 
guides and handbooks have been used in developing the simulation program. Another point of this 
investigation, is to determine what contribution a standard chiller can give to the heating system, 
compared to a more elaborate two stage heat pump system. 

2. SIMULATION OF A HEATING SYSTEM 

2.1. Introduction 
The method of simulation described in the follow-
ing, is not a total simulation of the entire building. 
The limitations are primarily in the physics of the 
building, where we assume that a change in out-
door temperature will have immidiate full effect 
on the heat demand. This is not true, but as we 
work mainly based on temperature duration 
curves, a method that has an integrating effect, we 
asses the error to be acceptable. The approach is a 
steady state, steady flow energy balance calculated 
at temperature steps of 1°C from design outdoor 
temperature to max outdoor temperature. 
 
This calculation will give the actual heat and cool-
ing rates at the respective temperatures. To con-
vert the results into energy, we use the appropriate 

Figure 1 Duration curves used for Bergen, Oslo and 
Skopje 
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temperature duration curves for day and night, which are seen above. Having temperature data for 
day and night, and the use of the building divided into workdays and weekends/holydays, we get 
four different load situations to consider for each temperature, namely Workdays, daytime ; Work-
days, night ; Weekend/holydays, daytime ; Weekend/holydays, night. When calculating the annual 
demands, we need to be able to calculate the actual loads, but in order to do so, one first has to es-
tablish the design point. 

2.2. Design heat demand 

2.2.1. Radiator design heat demand 

The design heat demand for a radiator system is commonly determined as the sum of transmission 
and infiltration heat losses and the heat required due to the “under-temperature” of the ventilation 
air. The latter is usually app. 3°C, in order to ensure good mixing between the incoming air and the 
air in the ventilated area, hence giving good ventilation efficiency. The radiator design heat demand 
can therefore be calculated as: 
 

]kW[QQQQ DES,RAD,VENTDES,INFDES,TRANSDES,RAD
&&&& ++=  (1) 

2.2.2. Ventilation design heat demand 

The heat demand for the ventilation heat coil is dependend on four factors, ventilation rate, recu-
perator efficiency, fan power consumption and requiered inlet air temperature. As stated in 2.2.1, 
the inlet air temperature is normally 3°C below the room temperature. During the course from the 
ventilation plant to the inlet, the air will warm up due to transmission and friction. In our experience 
the transmission warming usually equals app. 1°C, whereas the friction heating can be determined 
as the useful fan work. In addition to this, heat is added from the fan and fan motor, due to losses. 
The useful and not-useful energy supplied to the fans is converted into heat in the ventilation air, 
and should therefore be compensated in the ventilation design heat demand. In modern ventilation 
systems this temperature increase will be app. 1°C. Therefore, at an indoor temperature of 22°C, the 
air leaving the heating coil will have a temperature of 17°C. The design air temperature on to the 
heating coil, or out of the recuperator, is determined by the design outdoor temperature and the effi-
ciency of the recuperator. Usually this is only detemined in terms of temperature efficiency. 
Thereby the design heat demand of the ventilation heating coil can be determined as 

]kW[)TTT(c
V

Q DES,RECUP,OUTROOM,COILDES,ROOMAIR,p
AIR

DES,VENT
DES,COIL,VENT −∆−××

ρ
=

&
&  (2) 

where 
]C[)TT(TT DES,OUTDOORDES,ROOMRECUPDES,OUTDOORDES,RECUP,OUT °−×ε+=  (3) 

 
and ∆TCOIL,ROOM = 5°C. From this the total design heat demand can be found as 
 

]kW[QQQ DES,COIL,VENTDES,RADDES,TOT
&&& +=  (4) 

2.3. Variations of heat demand. Internal loads and running of the building 
One load factor that is not represented in the design load calculation, is the internal heat loads. 
These loads stem from lighting, people, PCs and other equipment. Taking this into account will of 
course reduce the actual radiator heat load. Therefore, the actual radiator heat load can be found as 
 

]kW[QQQQQ ACT,INTACT,RAD,VENTACT,INFACT,TRANSACT,RAD
&&&&& −++=  (5) 
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Detemining the internal heat loads are often one the biggest challenges in estimating the behaviour 
of the heating system. When designing heating systems that use heat pumps, temperature levels in 
the heating system are essential parameters. This means that we have to establish a connection from 
the known demands to the equivalent temperature levels of radiators and ventilation heating coils. 

2.3.1. Variation of radiator temperature 

From “CIBSE guide volume B, 1986” and “Varmeståbi” 2. edition 1992,  we find that the heat de-
livery from a given radiator can be expressed as 
 

]kW[TAQ 3,1
RAD,MRAD ∆×=&  (6) 

 
where A is a constant, relating to the specific radiator. This leads to expressions for the radiator 
temperatures in relation to the heat load. 

2.3.2. Variation of heating coil temperature 

The heat transfer in a heating coil depends on the temperature difference and the overall heat trans-
fer coefficient. In practical applications, it is common to choose a heating coil that is able to deliver 
the full air flow at room temperature. By doing so, we get a coil that thermally is larger than the 
actual demand. Assuming 
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which leads to expressions for the coil temperatures in relation to the heat load. 
 
The temperatures found eq. 7 will be higher than the real supply temperature. This means that by 
using this approach we have introdused a conservative element to the overall calculation. Hereby, 
the necessary equations for simulation of the system during the year, can be determined 

2.4. The actual design-point 
We use an example building for the simulation exercise. The building has an area of 17,625 m2 and 
is built according to the Norwegian building standards. Design ventilation flow rate is 212,000 
m3/h. VAV system. Infiltration factor is 0.2. Design room temperature is 22°C, air inlet temperature 
is 19°C and recuperator efficiency is 0.75. The design demands are shown in Table 1. 
 

Table 1. Design conditions 
 Bergen Oslo Skopje 
Design outdoor temperature. [°C] -15 -20 -15 
Design radiator demand [kW] 562 608 562 
Design heat coil demand. Heating system [kW] 315 408 315 
Design total heat demand [kW] 877 1016 877 

 
As stated in 2.3.2 the actual heating coil will be designed so that the ventilation system is able to 
cover the heat demand up to an air temperature of the coil equal to 20°C. This means that the actual 
design coil load for Bergen and Oslo/Skopje will be 540 kW and 700 kW, respectively. This addi-
tional heat is not compensated in the heat producing system, as we will move load from one deliev-
ery system to another. 

2.5. Internal loads 
The internal loads are made up of light, people, PCs and other electrical equipment. These factors 
has a profound effect on the actual heat demand. In our experience the following internal loads are 
reasonable: 
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Light 10 W/m2. Varies 
People 80 W/person. Varies 

PC 100 W/person. Varies with people 
Miscellaneous loads 1 W/m2. Constant

 
The actual internal loads depend on the use of the building. From our experience the internal loads 
will distribute as shown in Figure 2 

 
Figure 2 Distribution of the actual internal loads 

 
As mentioned earlier, the ventilation load also varies. A typical variation is shown below in Figure 
3 

 
Figure 3 Distribution of the ventilation load 

2.5.1. Control regime 

In order to maintain a low heating system temperature, the temperature of the ventilation air varies. 
That means that in periods other than workdays, daytime, the inlet air temperature is the same as the 
room temperature, where on workdays, daytime it is set 3°C below room temperature, in order to 
maintain the air quality feeling. To have sufficient redundant capacity in the heating system, the 
supply temperature, used in the program, will be set 3°C higher than the calculated necessary. 

3. SIMULATION OF HEAT PUMPS 
In the systems evaluated, seawater based heat pumps with different design load and configurations 
are used. 
 
The generel approach simulating the heat pump operation is a black box approach. We are not con-
cerned about what happens inside the components of the heat pump, but by use of energy- and mass 
balance and necessary efficiencies, we can detemine the states in and out of the component. The 
two generel configurations used can be sketched in principle as seen below. 

 
Figure 4 Generel principles of a standard chiller and a high temperature two stage unit 
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The simulation approach is based on the program library RnLib developed at NTNU, Trondheim, 
Norway, the program package CoolPack, developed at DTU, Copenhagen, Denmark and the Sabroe 
MatchMaster Program version 17. 

3.1. Determination of efficiencies 
The MatchMaster Program is used to find volumetric and isentropic efficiency. In this case we 
found the efficiencies for the smallest compressors in the Sabroe product line, and used these as 
overall efficiencies, ignoring the fact that especially the isentropic efficiency increases as the com-
pressor increases. This again is a conservative factor in the calculations. 
Known supply and exit NH3 conditions around the compressor, will approximate the isentropic effi-
ciency as 

COMP
COMP

1IS,2
IS m

W

hh
&

&
×

−
=η  (8) 

 
This expression is not totally correct, because me-
chanical losses are included, but when tested, it 
yields the same overall COP as the MatchMaster 
program.  
From the data optained from the MatchMaster pro-
gram, the volumetric efficiency can be found as 
 

VOLUMESWEPT

vm 1COMP
VOL

×
=η

&
 (9) 

 
And the relative volumetric efficiency as 
 

DES,VOL

ACT,VOL
VOL,r η

η
=η  (10) 

 
Having calculated this for several data points the 
curves shown Figure 5 are obtained. 
 

Table 2. Basic design critieria for the heat pump systems 
 Two stage One stage chiller  
Condenser temperature [°C] 70 52  
Evaporator temperature [°C] -2 -2 Constant 
Suction line loss [°C] 0,5 0,5 Constant 
Discharge line loss [°C] 1 1 Constant 
Intermediate pressure [bar] 11,29   
Intercooler efficiency 0,5  Constant 
Usefull subcooling [°C] 5 5 Constant 
mhigh/mlow 1,28   
hisen, high 0,8613  

hisen, high 0,76 
0,7812 

 

 
From the curves shown in Figure 5 and the base data shown in Table 2 the behaviour of the heat 
pumps can be calculated at off-design conditions. During the evaluation of the different systems, we 
will also seek the optimum economic size of the heat pump. Therefore, the data marked constant in 
Table 2 will be exactly that during any sumilation. From the heat pump performance, the necessary 
mass flow will be determined. This is used as a basis property when calculating the off-design be-
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Figure 7 Size of a radiator in relation to the design 
temperature pair 
 

haviour. This is carried out via an iteration routine, determining the condenser temperature and ac-
tual mass flow, calculating it by two methods that will converge on one useful value. 
 
The two stage calculation is also based on the determination of the condenser temperature and mass 
flow, and by the energy balance of the intermidiate pressure vessel, the mass flow of the low tem-
perature compressor is determinded, whereby the entire process is known. 

4. SIMULATION RESULTS 
The first result obtained from the simulation is the annual heat demand. Below the duration curve 
for Oslo is shown. The curves for Bergen and Skopje exhibit similar behaviour. 

4.1. Basic heat demand 
The total annual heat demands are found to be 
 
Bergen 804,100 kWh (45.6 kWh/m2) 
Oslo 1,045,200 kWh (59.3 kWh/m2) 
Skopje 668,900 kWh (38.0 kWh/m2) 
 
Having established the overall heating requirement 
for this building, set in three different locations, 
we have to find the optimum combination of sys-
tem temperature and heat pump performance. The 
measure of optimum combination is economy, 
calculated as annual costs. The annual cost is a 
method closely related to the net present value 
method of investment evaluation, but instead of 
looking at the total cost over a long timespan, total 
costs are distributed as an annual cost. 
The annual costs consist of Annual capital costs, 
Annual maintenance costs and Annual energy 
costs. As the evaluation address the differences, 
costs that are the same for all systems, for example the mounting costs for the radiatores, the boiler, 
controls, i.e. are discarded.  

4.2. Heating system annual costs 
The simulations will be done for the following  
system temperature pairs 
 
Supply  80°C  Return  60°C 
Supply  80°C  Return  50°C 
Supply  70°C  Return  40°C 
Supply  60°C  Return  40°C 
Supply  50°C  Return  40°C 
 
for Bergen, Oslo and Skopje. 

4.2.1. Investment and annual capital costs 

From the temperature pairs showm above, we can 
find the sizes of the different radiators as shown 
in Figure 7. The cost of a radiator is directly 
linked to the size, as the mounting costs and the 
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regulating valve will be the same for all systems. 
From experience we asses the cost for a standard 
80/60 radiator, 2 panel, 600W, 400mm hight to 
€240. Thereby the cost per radiator in the differ-
ent systems can be determind, as shown in Table 
3. 
 
 
 

Table 3 Cost pr. radiator.  
Temperature pair Radiator cost € 

80/60 240 
80/50 275 
70/40 390 
60/40 485 
50/40 625 

 

The different temperature pairs also have an influence on the cost of the pipework. Having an over-
all standard ∆T of 20°C for the radiator system, the flow will be reduced to 2/3 in a system of  ∆T = 
30°C, and double in a ∆T=10°C system. This again means that the overall pipework dimensions 
will vary accordingly. 

∆T = 20°C 100%;   ∆T = 30°C 81%;   ∆T = 10°C 141%. 
 
The assumption is that the total pipework cost is 
directly related to these factors. In reality the 
variations are larger, because of heavier work 
according to pipe dimensions. From our experi-
ence the price of pipework in an 80/60 system is  
€ 24/m2. We can thereby asses the pipework in-
vestments. 

Table 4 shows the pipework costs. 
Temperature pair Pipework costs € 

80/60 423.000 
80/50 343.000 
70/40 343.000 
60/40 423.000 
50/40 596.000 

 
The total costs of the pipework and radiators can be found as 

 
Table 5 Total costs of pipework and radiators 

Cost in € Bergen Oslo Skopje 
Temperature pair 940 radiators 1020 radiators 1020 radiators 

80/60 648.600 667.800 667.800 
80/50 601.500 623.500 623.500 
70/40 709.600 740.800 740.800 
60/40 878.900 917.700 917.700 
50/40 1.183.500 1.233.500 1.233.500 

 
The service life of the heating system is expected 
to be no less than 30 years. Calculating this with 
an interest rate of 7% p.a., we get an annuity factor 
of 0.0806 
 
The investment of the heat pump is of course de-
pendend on it’s performance. In the graph below 
the total cost for a standard one stage unit is stipu-
lated. This correlation is set up based on our ex-
perience with heat pump prices, and with the assis-
tance Per O. Thorkildsen of York Norway.  
The investment for the two stage 40 bar unit is 
estimated to be 50% more than the single stage 25 
bar unit. 
 
The service life of the heat pump is assumed to be 
15 years, yielding the annuity factor for the heat 
pump to 0.1098.  

Figure 8 Estimated correlation between heat per-
formace and cost for single stage 25bar NH3 heat 
pumps. All surrounding systems included. 
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4.2.2. Annual maintenance costs 

Maintenance of the heat pumps are depending on the running time, the stress (condensation pres-
sure) and the pressure class of the heat pump. Estimated annual maintenance cost is shown inTable 
6. 

Table 6 Estimated annual maintenance cost for the different systems 
 Annual maintenance costs € 

Temperature pair Single stage 25 bar Two stage 40 bar 
80/60 6.000 9.000 
80/50 6.000 9.000 
70/40 4.500 6.750 
60/40 3.000 4.500 
50/40 3.000  

 
The normal annual maintenance cost will not be as high as stated here, but the figures above include 
the periodical overhaul that is necessary to maintain safe and good operation of the units. 

4.2.3. Annual energy costs 

 The annual energy costs are calculated from the electricity and oil consumption of the heating sys-
tem in order to deliver the necessary energy to the building. The Norwegian prices are etimated as 
electric power = 0,084 €/kWh, fueloil = 0,059 €/kWh, and the Macedinian prices are estimated to 
be electric power = 0,060 €/kWh, fueloil = 0,047 €/kWh.  
 
Normally the heating value of one liter oil is stipulated to 10 kWh. Compensating for boiler effi-
ciency, the net heating value is 8,5 kWh/l. 

4.3. Results 
The simulations will yield quite clear answers to what system should be chosen.  Figure 9 below 
shows detailed result for Oslo using only PN25 heat pumps, but similar tendensies are present for 
Bergen and Skopje, and for PN40. The overall results aree presented in Table 7 in chapter 4.3.1 
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Figure 9 Annaul cost for the different systems with varying heat pump performance. Heat pump is PN25. The 
building is situated in Oslo. 

4.3.1. Summary of results 

In Table 7 below, we see the optimum economic design point. Minimum annual costs in relation to 
heat pump performance are determind for the 3 locations, the 5 temperature pairs and the two pres-
sure classes. 
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Table 7 Optimum economic heat pump design performance in relation to heating system design 
  Bergen Oslo Skopje 
  25 bar 40 bar 25 bar 40 bar 25 bar 40 bar 

Heat pump perfomance [kW] 147 132 175 180 115 79 
Total annual cost [€] 89,621 93,704 103,701 107,215 84,380 87,492 
COP total 3.81 4.08 3.76 4.00 3.79 4.07 
Heat rate coverage [%] 16.8 15.1 17.2 17.7 13.1 9.0 
Energy coverage [%] 89.9 85.2 78.7 83.6 66.3 51.7 

80/60 

Energy saving [%] 66.3 64.4 57.8 62.7 48.8 39.0 
Heat pump perfomance [kW] 149 139 192 183 125 80 
Total annual cost [€] 85,113 89,497 97,795 102,861 79,847 83,698 
COP total 3.99 4.28 3.96 4.24 3.97 4.29 
Heat rate coverage [%] 17.0 15.9 18.9 18.0 14.3 9.1 
Energy coverage [%] 91.0 87.4 85.5 84.2 72.6 52.1 

80/50 

Energy saving [%] 68.2 67.0 63.9 64.4 54.3 40.0 
Heat pump perfomance [kW] 152 139 210 193 135 91 
Total annual cost [€] 91,192 95.964 103,605 109,750 86,315 90,593 
COP total 4.21 4.52 4.20 4.51 4.21 4.53 
Heat rate coverage [%] 17.3 15.9 20.7 19.0 15.4 10.4 
Energy coverage [%] 92.5 87.3 90.6 86.3 76.9 57.3 

70/40 

Energy saving [%] 70.6 68.0 69.1 67.2 58.6 44.6 
Heat pump perfomance [kW] 153 139 206 185 137 91 
Total annual cost [€] 102,827 107,801 115,841 122,257 98,041 102,452 
COP total 4.22 4.54 4.20 4.51 4.21 4.53 
Heat rate coverage [%] 17.5 15.9 20.3 18.2 15.6 10.4 
Energy coverage [%] 93.3 87.3 90.7 84.5 78.1 57.4 

60/40 

Energy saving [%] 71.2 68.0 69.0 65.7 59.5 44.6 
Heat pump perfomance [kW] 150  205  135  
Total annual cost [€] 127,527  141,457  122.822  
COP total 4.23  4.19  4.20  
Heat rate coverage [%] 17.1  20.2  15.4  
Energy coverage [%] 93.2  91.1  78.1  

50/40 

Energy saving [%] 71.2  69.3  59.5  
 
As it can be seen from Table 7 the system design of 80°C/50°C yield the most positive economic 
result. 

4.4. Conclusion 
As stated above, the 80°C/50°C system is the system that under all circumstances in this particular 
building yields the best economic result. Furthermore, the differences between the energy coverage 
from a 25 bar system to a 40 bar system are very small. 
 
Our conclusion is that a chiller unit, will give a very good result running as heat pump in any office 
building as long as the heat collecting/heat dump system is built suitable for heat pump applica-
tions, and as long as the heat distribution system is designed so that the water in the heating system 
is being cooled sufficiently. 
 
Figure 10 shows the heat demand duration and the heat pump performance duration for the same 
design heat pump performance, in a 80/50 heating system. The two systems differ on pressure class. 
As it can be seen the difference in heat delivery is quite small. 
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Figure 10 Heat demand duration and heat pump performance duration for a 80°C/50°C system. Heat pump 
design performance is 206 kW. The building is situated in Oslo 
 
The overall conclusion is, that strong statements about low temperature heating systems or high 
pressure heat pumps should be avoided. Instead the advise given, should be based on a thorough 
system evaluation. 

NOMENCLATURE 
Symbol   Subscript  
Q&  Heat rate kW RAD Radiator 
T Temperature °C/K DES Design 
∆ Difference  INF Infiltration 
SFP Specific Fan Power kJ/m3 VENT Ventilation 
r Density kg/m3 TRANS Transmission 
cp Specific heat kJ/kgK RECUP Recuperator 
e Efficiency  TOT Total 
U Overall heat transfer coefficient W/m2K ACT Actual 
V&  Volume flowrate m3/s M Mean 
m&  Mass flowrate kg/s SUPL Supply 
h Efficiency  RET Return 
v Specific volume m3/kg r Relative 
h Specific enthalpi kJ/kg IS Isentropic 
W&  Work rate kW VOL Volumetric 
€ Euro  HIGH High pressure 
COP Heat pump coefficient of performance  LOW Low pressure 
   OUT Off the object 
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Heat demand duration. Heat pump duration. 25 
bar, 80/50, 206 kW heat pump performance. Oslo
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