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ABSTRACT  
Commissioning (Cx) is indispensable for efficient operation of a heat source system, 
and is often implemented by comparison between simulation results and real building 
energy management system (BEMS) data. However, a heat source system that is 
composed of various pieces of equipment with complex controls will have numerous 
errors. Therefore, real BEMS data should be compared to simulation results with a 
distribution that considers errors. However, simulating errors is very complicated and 
has not yet been studied in this context. In this study, a simulation for an existing heat 
source system was developed, errors were incorporated into the simulation, and the 
distribution of the system coefficient of performance (SCOP) was elucidated. Errors 
were categorized according to location: at sensors, direct digital controllers (DDC), 
actuators, and the integrated controller. Error probability distributions were modeled 
based on a normal distribution. After 1000 simulation runs with inputs comprising the 
real cooling load and environmental conditions in August 2015, the distribution of 
SCOP was normally distributed. Its average was 0.8 % lower than SCOP without errors, 
and its two-sided 95 % confidence interval was from approximately −7.8 to 6.0 % from 
the average. Considering the above, the distribution of simulated SCOP appears to help 
improve Cx efficiency through enabling identification of where the real SCOP lies in 
relation to the errors. The model of errors in this study relied on some assumptions. 
Therefore, more appropriate modeling, adapted to the specific equipment used, would 
make the distribution better fitted. Future research should investigate which errors have 
the greatest influence on SCOP, which will help maintain the system more efficiently. 
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INTRODUCTION 
Promotion of energy saving in office buildings requires efficient operation of a heat 
source system that supplies chilled or hot water for air conditioning. For this, 
performance verification by commissioning (Cx) is indispensable (Nakahara 2003). Cx 
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requires comparison between ideal and actual performances, therefore, in general, 
simulation results are compared to real data output from building energy management 
system (BEMS) (Wang et al. 2013). However, a heat source system is composed of 
many devices, including sensors and controllers, which can introduce errors to the 
system. Therefore, BEMS data should be compared to simulation results that contain 
distributions of errors. Single errors in sensors are described as uncertainty (JCGM 
2012). However, uncertainty in system performance, which has complex effects on 
errors that are difficult to calculate, has not been clarified. The purpose of this study 
was to clarify the distribution of a heat source system performance with errors using a 
probabilistic model of errors and incorporating them into the simulation. 
 
METHOD FOR CONSIDERING ERRORS 
Errors in heat source system 
Errors in the heat source system were categorized into four types: errors at sensors 
(Error1), errors at the direct digital controllers (DDC; Error2), errors at actuators 
(Error3), and errors at the integrated controller (Error4) (Figure 1). 
 
 
 
 
 
 
 
 

Figure 1. Errors present in building energy management system (BEMS) 
 
MODEL OF ERRORS 
In general, there are two kinds of errors: bias and random. Only random errors were 
considered independently in this study. When the probability distribution of random 
error is assumed to be normally distributed, the population mean μ is the true value, and 
the standard deviation σ is given, then the interval μ ± 2σ contains 95 % of the measured 
values. The accuracy given for equipment specifications was set as 2σ (Table 1). The 
values of Error1 were taken from JIS and similar sources (JISC 2007, 2011, 2013, 
ABEE 2013). Full scale (FS) error is associated with the difference between maximum 
and minimum values, and reading (RD) error is associated with the read value. The 
system had both kinds of errors. When rand(n) is a function that contains random 
numbers from the standard normal distribution, FS error is described by Eq. (1) and RD 
error by Eq. (2). The simulation gave errors for the calculated true values which are 
uncertain in the real system (Figure 2). The simulation had approximately 250 errors. 
 

rand σ              (1) 
1 rand σ              (2) 

where x1: value with error, x0: value without error 
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Table 1. Measurement accuracy 
Error Measurement Unit FS/RD* Range Accuracy σ 

Error1 Temperature °C FS 0-100 ±0.35 0.175 

  Water flow rate m3/min RD - ±2% 0.01 

  Power kW RD - ±1% 0.005 

  Pressure kPa FS 0-500 ±1% 2.5 

Error2,4 Temperature °C FS 0-100 ±0.1% 0.05 

  Water flow rate m3/min FS 0-20 ±0.1% 0.01 

  Power kW FS 0-500 ±0.1% 0.25 
  INV frequency - FS 0-1 ±0.1% 0.0005 
  Valve opening - FS 0-1 ±0.1% 0.0005 
  Pressure kPa FS 0-500 ±0.1% 0.25 

Error3 INV frequency - FS 0-1 ±1% 0.005 
  Valve opening - FS 0-1 ±1% 0.005 
  * INV: inverter, FS: full scale, RD: reading 

 
 
 
 
 

Figure 2. Simulation flow of values with errors and true values 
 
METHOD FOR HEAT SOURCE SYSTEM SIMULATION 
Targeted heat source system 
This study was implemented by modeling a real heat source system. Figure 3 and Table 
2 show the targeted heat source system and equipment specifications. The heat source 
system has thermal storage tanks and uses sewage from a sewage treatment facility next 
to the building for cooling condenser water. The system stores heat from 10:00 PM to 
08:00 AM, and uses heat from 08:00 AM to 22:00 PM. A direct refrigerator is operated 
for high loads in addition to heat from the thermal storage tanks.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Targeted heat source system 
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Table 2. Equipment specifications 
Symbol Number Name Specification 

TR1 1 
Heat recovery 

inverter turbo refrigerator 

Refrigeration capacity 1,723 kW Power consumption 316 kW 

Chilled water flow rate 2.470 m3/min Chilled water temperature 15.0 - 5.0°C 

Condenser water flow rate 5.892 m3/min Condenser water temperature 32.0 - 37.0°C 

TR2 1 Turbo refrigerator 

Refrigeration capacity 3,481 kW Power consumption 587 kW 

Chilled water flow rate 4.980 m3/min Chilled water temperature 17.0 - 7.0°C 

Condenser water flow rate 11.74 m3/min Condenser water temperature 32.0 - 37.0°C 

TR3 1 Turbo refrigerator 

Refrigeration capacity 3,481 kW Power consumption 641 kW 

Chilled water flow rate 4.98 m3/min Chilled water temperature 17.0 - 7.0°C 

Condenser water flow rate 11.83 m3/min Condenser water temperature 32.0 - 37.0°C 

TR4 1 Turbo refrigerator 

Refrigeration capacity 3,481 kW Power consumption 547 kW 

Chilled water flow rate 4.98 m3/min Chilled water temperature 17.0 - 7.0°C 

Condenser water flow rate 11.62 m3/min Condenser water temperature 32.0 - 37.0°C 

CHEX 2 Heat exchanger for chilled water 
Primary water flow rate 10.69 m3/min Primary water temperature 15.5 - 5.5°C 

Secondary water flow rate 10.69 m3/min Secondary water temperature 17.0 - 7.0°C 

NHEX 2 Heat exchanger for condenser water 
Primary water flow rate 16.08 m3/min Primary water temperature 30.0 - 35.5°C 

Secondary water flow rate 17.68 m3/min Secondary water temperature 37.0 - 32.0°C 

AHU 1 Air Handling Unit Water flow rate 
 

Temperature 7.0 - 17.0°C 

CP1 1 TR4 chilled water pump Water flow rate 4.980 m3/min Total pump head 35 m 

CP2 4 CHEX secondary pump Water flow rate 2.670 m3/min Total pump head 41 m 

SCP1~3 3 TR1~3 chilled water pump Water flow rate 4.980 m3/min Total pump head 17 m 

SCP4 4 CHEX primary pump Water flow rate 2.670 m3/min Total pump head 31 m 

CDP1~4 4 TR1~4 condenser water pump Water flow rate 11.74 m3/min Total pump head 38m 

NP 4 sewage pump Water flow rate 8.038 m3/min Total pump head 23m 

ST1 1 Water thermal storage tank Water flow rate 2,396 m3 Temperature 5.0 - 15.0°C 

ST2 1 Water thermal storage tank Water flow rate 1,920 m3 Temperature 5.0 - 15.0°C 

ST3 1 Water thermal storage tank Water flow rate 2,154 m3 Temperature 5.0 - 15.0°C 

VlvAHU 1 Two way valve for AHU 
    

VlvCP2 1 Bypass valve for CP2 
    

VlvSCP4 1 Bypass valve for SCP4 
    

 
Simulation development 
The simulation was constructed based on the design specification (Figure 4) and 
developed in MATLAB. Initial values and errors were given. Subsequently, pump 
inverter frequency and valve opening were controlled, and water flow rate in each pipe 
was calculated based on controlled pump inverter frequency and valve opening. 
Temperature was calculated using temperature from the previous step and water flow 
rate in the current step. Energy consumption was calculated using the equipment 
condition and the specification curve. Water flow rate was calculated through flow 
balance as follows: the sum of water flow rate into a pipe junction is equal to the sum 
of flow rate out from the junction, and the sum of the pressure difference at any closed 
route in the pipe is zero. The time step was one minute, and input to the simulation was 
the necessary supply of chilled water flow rate at a set point, and sewage temperature. 
The simulation had a running start in the last week of July 2015 after which the system 
coefficient of performance (SCOP) was calculated for August. Input data were from 
real BEMS measured at 15 minute intervals, and converted into one-minute data points 
by linear interpolation. 
 The simulation was run for three types of calculation (Table 3). One was a 
deterministic model without errors, which gave SCOP-0. The second was a 
probabilistic model considering errors, which gave SCOP-1. SCOP-1 was calculated 
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using true values in the simulation. The third was a probabilistic model considering 
errors, which gave SCOP-2. SCOP-2 was the output of the centralized control unit from 
the simulation. Each SCOP was calculated by integrated values. 
 
 
 
 
 
 
 
 
 

Figure 4. Simulation flow for heat source system 
 

Table 3. System coefficient of performance (SCOP) calculations 

Name 
Simulation 

type 
Error 

Calculation 

times 
Calculation of SCOP 

SCOP-0 Deterministic - 1 
 

SCOP-1 Probabilistic 
For 

control 
1000 

 

SCOP-2 Probabilistic For all 1000 
 

 
PI parameter tuning 
System water flow rate and temperature were regulated by proportional-integral (PI) 
control. Therefore, PI parameters have a huge influence on system stability and 
performance. The PI parameters for the simulation were tuned by genetic 
algorithm(GA) to reduce influence by incompetence of PI controls. PI parameter tuning 
for an HVAC system based on Ziegler–Nichols’s ultimate gain method (Ziegler and 
Nichols 1942) has been previously studied (Niwa et al. 1995). However, the ultimate 
gain method adjusts parameters by step responses. Therefore, it is difficult to apply to 
subjects, such as secondary chilled water flow rate, whose set point changes at every 
step. In addition, the controls for secondary pump inverter frequency, and valve opening 
for the air handling unit (AHU) can interact, making it difficult to tune parameters 
appropriately when using the ultimate gain method. Therefore, an evaluation function 
PF was established for controllability as in Eq. (3). The 15 sets of proportional gain and 
integral gain whose PF were smallest in the week from the running start were calculated 
by GA (Figure 5). Derivative gain was set at zero. An array with 15 sets of PI 
parameters was regarded as a chromosome. The GA had 20 chromosomes and the top 
eight were kept for the next generation. In the remaining 12 chromosomes, eight were 
generated by one-point crossover with the top eight ones and four were generated by 
mutation. The ending condition for the GA was that the PF for the top eight 
chromosomes were consistent. The PI parameters thus generated were used to calculate 
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SCOP in the simulations. To minimize their influence, PI parameters should be tuned 
before every time step because variation in control conditions, such as set points, 
changes the optimum PI parameters as an interacting system. However, the PI 
parameters gained here were considered appropriate enough to fix as controls. 
 

∑ | ⁄ |             (3) 
 
where CV: Controlled value, SP: Set point 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Simulation flow for genetic algorithm (GA) 
 
RESULTS 
Calculation without considering errors (deterministic) 
Figure 6 shows the chilled water supply temperature and flow rate during one day. PI 
parameter tuning resulted in good controllability of values against set points. When the 
number of operating pumps or direct refrigerator operations changed, the controlled 
value fluctuated. Pump inverter frequency and valve opening were inaccurate when 
operation number control was implemented because the simulation calculates in one-
minute time steps in contrast to the real system, which controls at the scale of seconds. 
SCOP-0 was 4.952.  
   
 
 
 
 
 
 
 
 
 

Figure 6. Simulation results during one day under deterministic simulation 
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Calculation with error consideration (probabilistic) 
The simulation incorporating errors was run 1000 times. Figure 7 shows the distribution 
of SCOP-1. Some errors may have improved the efficiency of the system, but in general, 
errors reduced efficiency. Figure 8 shows the distribution of SCOP-2, which is almost 
normal. The two-sided 95 % confidence interval of SCOP-2 is from 4.53 to 5.21 and 
its range is from approximately from −7.8 to 6.0 % from the average. The SCOP 
calculated from real BEMS data was 4.28 and falls outside distribution of SCOP-2. The 
averages of SCOP-1 and SCOP-2 are 4.909 and 4.913 respectively, which are lower 
than SCOP-0 by approximately 0.9 % and 0.8 % respectively. 
 
 
 
  
 
 
 
 
 
 
 

Figure 7. Distribution of simulated SCOP-1 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 8. Distribution of simulated SCOP-2 
DISCUSSION 
Errors tend to reduce the SCOP. In addition, it is assumed that some patterns of SCOP-
1 were higher than SCOP-0 because the initial controls were not optimum. Some errors 
related to controls would make the controls more efficient. It is assumed that the 
distribution of SCOP-2 is more normal than that of SCOP-1 because SCOP-2 considers 
errors related to the output of energy and heat consumption. However, its left tail is 
longer because of the distribution of SCOP-1. Likewise, the average of SCOP-2 is lower 
than SCOP-0. In addition, the SCOP calculated from real data lies outside the two-sided 
95 % confidence interval. Therefore, it is assumed that the real system has faults that 
are not caused by errors in the system. 
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CONCLUSION AND IMPLICATIONS 
The distribution of SCOP of a heat source system considering errors at sensors, DDCs, 
actuators, and the integrated controller was elucidated. Presence of errors reduces the 
SCOP by 0.8 % and the two-sided 95 % confidence interval of the SCOP when 
incorporating errors has a range of approximately −7.8 to 6.0 % from the average. 
Therefore, it was noted that simulation results that are compared to real BEMS data 
during Cx should be considered including errors. The distribution clarified in this study 
will help the Cx process to judge whether a system has faults based on the difference 
between simulations and real data. In this study, errors, excepting those made in 
measurement, were modeled with assumptions. Therefore, modeling errors according 
to each specific device will improve the accuracy of simulation results. Future research 
should focus on investigating which errors have the greatest influence on SCOP, which 
will help maintain the system more efficiently. 
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