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Abstract 
We have reported on the SHASE test procedure 
developed by the authors for evaluation of building 
energy simulation tools at the earlier BS2017 and 
BS2019 conferences (Ono et al., 2017 and Ono et al., 
2019). In these reports, we showed that trial simulation 
results for the expanded set of test cases indicate some 
discrepancies in energy consumption between tools as 
well as among test participants. We have investigated the 
causes of these discrepancies and found that they are due 
to faults in tool programming, participant errors and 
misunderstandings in inputting parameters of equipment 
performance, control logic, and so on. Therefore, we 
decided to add several subsystem tests to overcome these 
problems and found that comparing the results of these 
tests qualitatively and quantitatively in step-by-step 
analysis assists in identifying the problems. 
Key Innovations 

• Enhancing the evaluation method for HVAC 
system simulation tools by introducing 
subsystem tests that take into consideration the 
control logic 

• Faults and mistakes in simulations can be 
effectively detected by testing the simulation 
results step-by-step while changing both the 
boundary conditions and the preset control 
values.  

Practical Implications 
Subsystem test is a useful method for simulation tool 
evaluation. Here it proves that faults in the programming 
of simulation tools and input errors in modelling by test 
participants can be effectively identified.  
Introduction 
Building energy simulation tools have become essential 
for evaluating the performance of HVAC systems during 
the design phase. Given their importance, there is 
increasing need to evaluate the performance of the 
available simulation tools. 
Although the ASHRAE standard 140-2017 (ASHRAE, 
2017) is available for this purpose, it is not sufficient for 
testing the building configurations and types of HVAC 
systems used commonly in Japan. In addition, it does not 
have a simulation case to estimate energy consumption 
of a whole building with an HVAC system, which is 
essential for the above-mentioned purposes. Therefore, 

the Society of Heating, Air-Conditioning and Sanitary 
Engineers of Japan (SHASE) has established a special 
committee to develop a test procedure to fulfil Japanese 
needs and published a SHASE guideline for the 
procedure (SHASE, 2016) in 2016. Efforts have been on 
going to expand the range of test cases and the results of 
trial analysis by the committee were reported at previous 
BS conferences. In a previous report the authors pointed 
out the following: 1) discrepancies were found in some 
test results not only between the tested tools but also 
among test participants using the same tool; and 2) the 
discrepancies may be caused by the characteristics of 
model components and control logic built into the tools, 
or by participants’ input errors, the lack of proper 
modelling knowledge and ambiguities in test suites. 
Identifying the causes of the discrepancies and how to 
minimize them remained as a future work. 
Originally, we expected to be able to identify the causes 
by investigating the results of individual equipment tests 
and the whole-system test, but this proved difficult. This 
led to the realization that additional subsystem tests on a 
step-by-step basis would be needed based on the 
following considerations: 1) since an HVAC system is a 
network of multiple pieces of equipment and control 
devices, multiple subsystem test cases with different 
conditions and their sequence should be determined 
according to a logical analysis of system behaviour; 2) in 
particular, the conditions of control setpoints should be 
carefully selected; and 3) by dividing a whole system 
into multiple subsystems and analysing their behaviours 
as independent systems with simple boundary conditions, 
faults can be found more easily than by analysing the 
system as a whole using vast amounts of time varying 
data. 
The air-side HVAC equipment analytical verification 
test (AE series) included in ASHRAE standard 140-2017 
evaluates air-distribution subsystems using a series of 
test cases with varying boundary conditions such as 
outdoor atmospheric conditions and internal gains that 
are implemented step by step (Neymark et al., 2017). We 
adopted this idea, but with importance placed on 
introducing control setpoints as major conditions in 
addition to the physical conditions set for the test cases.  
We added tests for three subsystems from the overall 
HVAC system as follows: 1) a cooling water subsystem 
test; 2) a heat source subsystem test, and 3) a variable-
air-volume (VAV) air handling unit subsystem test. This 
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paper outlines this test system and its objectives together 
with the results of subsystem tests, showing that the 
subsystem tests are a useful way to evaluate the 
simulation tools. 
Positioning of subsystem tests within the 
HVAC system simulation test 
An HVAC system is a sophisticated networked system 
integrating multiple pieces of equipment and control 
devices. The control devices control the fluxes through 
the system, such as water flow and air flow rates, states 
such as temperature and humidity, and the operational 
status of the equipment, such as its on/off state, 
according to the boundary conditions and control 
setpoints. Thus, programming defects in simulation tools 
and human input errors in modelling may happen at 
various points and in various ways. Dividing a whole 
system into subsystems makes the testing of a 
sophisticated system logical. This is the reason why 
subsystem tests should be added to equipment tests and 
the whole-system test included in our previous method.  
A subsystem is generally designed to be operated by 
local and autonomous control logic, such that, for 
example, the number of devices in operation is 
controlled by a predetermined algorithm based on heat 
demand, and water temperature is maintained higher 
than the preset threshold. Therefore, the boundary and 
control parameter conditions for test cases should be 
determined so as to make changes in flow rates, states, 
equipment in operation, energy consumption, etc. 
conform to the designated control intention. In addition, 
the sequence of the changes should be determined such 
that the simulation results can be tested logically in a 
step-by-step manner. 
Figure 1 shows the overall configuration of the test 
method in which subsystem tests are added to the 
previous equipment and whole-system tests. Table 1 
summarizes the roles of the three tests. There are three 
subsystem tests in the method: a cooling water 
subsystem test, a heat source subsystem test and a VAV 
air handling unit subsystem test, as shown in Figure 2. 
We are continuing to develop more tests for subsystems 
commonly used in Japan, such as heat source systems 
with thermal storage, because these subsystem tests are a 
very useful way to diagnose simulation faults.  
Two approaches are taken to analyse the test results. The 
first is to analyse the results of the test cases step-by-step 
for a specific tool. The actual procedure for this is 
explained in the following sections.  
The second approach is to compare the simulation 
results generated by different tools or participants for a 
specific test case. This enables us to find bugs and errors 
in a tool under development by comparing it 
quantitatively against the results of already validated 
tools. 
In the following sections, the objectives of each 
subsystem test are described and simulation trial results 
presented. Table 2 lists the simulation tools used in the 
trial and gives their abbreviations. Five participants, who 

belong to the SHASE committee, took part in the trial 
using one of the five tools shown in Table 2. For details 
of test conditions not presented in this paper, refer to 
Ono et al. (2017).  
Cooling water subsystem test 
Target system and objective 
Figure 3 shows the calculation targets and boundary 
conditions for the cooling water subsystem test. The test 
targets the gas absorption chiller/heater, cooling water 
pump, cooling tower and three-way valve connected to 

 
Figure 1: Test case configuration 

Table 1: Summary of the three tests in the HVAC system 
simulation test 

Test type Whole system Equipment Subsystem (newly added) 
Target 
system 

Whole HVAC 
system 

Equipment unit Subsystems (Cooling water, 
Heat source, VAV AHU) 

Evaluation 
targets 

Energy performance Equipment 
characteristics 

Control logic, Equipment 
characteristics 

Boundary 
conditions 

Non-steady state 
conditions: 
meteorological data 
(or thermal load); 
annual data 

Steady state 
condition 

Steady state condition 

Number of 
test cases 

8 systems 6-17 cases for 6 
items of equipment 

5-6 cases in 3 subsystems 

Comparison 
targets 

Simulation results 
for each case and 
each tool 

Manufacturers’ 
specifications 

Simulation results for each 
case and each tool 

 
Figure 2: Schematic diagram of HVAC system for whole 

system 
Table 2: List of simulation tools used for simulation trials 

Name 
(Abbreviation) Version Authoring Organizationz Reference 

LCEM (L) Ver. 3.10 Public Building Association of Japan Ito, M., et al. (2008) 

BEST (B) 
Professional 

Edition 
BEST1805 

Institute for Building Environment and 
Energy Conservation 

Hasegawa, I., et al. 
(2017) 

Popolo (P)  Togashi Laboratory of Kogakuin 
University Togashi, E. (2018) 

ACSES/Cx 
(A)  Yoshida Laboratory of Kyoto University Yoshida, H. et al. 

(2013) 

ENe-ST (E)  Kajima Technical Research Institute Mihara, K. et al. 
(2015) 

 

HVAC 
system 
simulation 
test

Equipment 6 components *1

Subsystem Cooling water
Heat source
VAV air flow

Whole system JE100: CAV
JE110: VAV 6 systems *2

Newly added

*1 : Cooling/heating coil, Chiller/heat pump, Cooling tower, Pump, Thermal 
storage tank, Total heat exchanger
*2: Total heat exchanger, Fresh air volume control, High-efficiency 
chiller/heat pump, Supply water temperature change, Variable water flow 
control, Change secondary pump control

Chilled waterHeating water

Variable air 
volume air
handling unit 
subsystem

z

OA

EA

Chilled water

Heating water

Office
VAV

Water supply

Heat source 
subsystem

Cooling water 
subsystem

Cooling 
tower

Air source heat 
pump /chiller

Gas absorption 
chiller/heater

Air source heat 
pump /chiller
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the cooling water system. Based on the steady-state 
calculation results of each test case, it is confirmed 
whether the logic of the three control devices is properly 
calculated: 1) the cooling water pump speed control, 2) 
the cooling fan rotation speed control and 3) the three-
way valve opening control. In addition, the 
characteristics of the three pieces of equipment are 
checked to determine whether they are set up correctly 
and their behaviour is correctly calculated: 1) the cooling 
tower (CWT), 2) the heat source (AR1) and 3) the 
cooling water pump (CWP). The parameters to be varied, 
consisting of the boundary conditions and preset values, 
are outdoor air temperature and humidity, heat source 
chilled water outlet temperature, preset temperature for 
cooling fan rotation speed control, preset cooling water 
temperature difference for cooling water pump speed 
control, and preset lower limit outlet temperature of 
cooling water for opening control of the three-way valve. 
Test case configuration and control logic 
Figure 4 shows the configuration of the test case for the 
cooling water subsystem test and Table 3 shows the test 
conditions. The boundary conditions and preset control 
logic values are changed one by one in stages, and the 
change in calculation output at each stage is checked 
against the output before the change. CWS100 is the 
case for confirming whether the rated conditions, such as 
equipment energy consumptions, are calculated correctly, 
and for checking any differences among the simulation 
results of the tools under the rated conditions. CWS110 
is for confirming the characteristics of CWT according 
to outdoor air conditions and the cooling water pump 
speed control logic. CWS120 is for CWT fan speed 
control logic in addition to CWS110. CWS130 is for the 
three-way valve opening control logic in addition to 
CWS120. CWS200 and CWS210 are for confirming the 
cooling water pump speed control logic.  
The logic for the three control devices in the target 
system is outlined as follows. 
1. Cooling water pump speed control logic 
The cooling water flow rate is to be controlled by 
proportional control of the rotational speed of the 
cooling water pump according to the temperature 
difference between the AR1 inlet and outlet (TEW3-
TEW2). The lower limit of cooling water flow rate is 
50% of the rated value.  
2. Cooling tower fan speed control logic 
Proportional control of the rotational speed of the CWT 
fan is to be implemented such that the cooling tower 
outlet temperature (TEW1) reaches the preset value. The 
lower limit of fan rotation is 40% of the rated value. The 
air flow rate is assumed to be proportional to the 
rotational speed. 
3. Three-way valve opening control logic 
When the rotational speed of the cooling tower fan falls 
to the lower limit value, the three-way valve is to be 
used to control the AR1 inlet temperature (TEW2) such 
that it reaches the preset value.  

Evaluation method 
Figure 5 shows an example of the outputs from the 
cooling water subsystem test, showing 10 of the output 

 
Figure 3: Schematic diagram of cooling water subsystem 

test 

 
Figure 4: Test case configuration for cooling water 

subsystem test 
Table 3: Test conditions for cooling water subsystem test 

Case name 
Conditions Preset values 

To,DB To,WB Qc Tc,i Tc,o Tset,f ΔTset,cd Tset,CT 
[°C] [°C] [l/min] [°C] [°C] [°C] [K] [°C] 

CWS100 36.0 27.0 2500 12.0 7.0 22.0 5.0 21.5 
CWS110 23.9 17.0 
CWS120 11.8 7.0 
CWS130 32.0 31.5 
CWS200 36.0 27.0 11.0 22.0 21.5 
CWS210 6.0 

To,DB: Dry bulb outside air temperature, To,WB: Wet bulb outside air temperature, Qc: 
Chilled water flow rate, Tc,i: Inlet chilled water temperature, Tc,o: Outlet chilled 
water temperature, Tset,f: Preset temperature for cooling fan speed control, ΔTset,cd: 
Preset cooling water temperature difference to control cooling water pump speed, 
Tset,CT: Preset lower limit outlet temperature of cooling water controlled by three-
way valve opening 

 
Figure 5: Cooling water subsystem test results 
* The case numbers of the test are shown along the horizontal axis. 
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values. These outputs are the results of trials by the tools 
listed in Table 2. The following evaluation of the results 
focuses on cases CWS120 and CWS200 using the Figure 
5 outputs as examples. Unless otherwise noted, the 
lower-case letter references in the text refer to the 
corresponding output variables in Figure 5. 
To evaluate the CWS120 results, confirm that the 
cooling tower fan speed decreases as the outdoor wet 
bulb temperature decreases from CWS110 (e) and that 
the cooling tower outlet temperature reaches the set 
point of 22°C (b), and evaluate the control of cooling 
tower fan speed. Also, confirm that the cooling tower fan 
power decreases as its rotational speed decreases (h) and 
evaluate the cooling tower fan power characteristics. 
To evaluate the CWS200 results, confirm the decrease in 
AR1 gas consumption due to the decrease of load factor 
(f), and evaluate the load factor characteristics against 
AR1 gas consumption. Also, confirm the decrease in 
cooling water temperature due to the reduced cooling 
water heat dissipation (a), and evaluate the load factor 
characteristics of the cooling tower. In addition, confirm 
the decrease of cooling water flow rate due to the 
decrease in cooling water heat dissipation (c), and 
evaluate the control of cooling water temperature 
difference by the cooling water pump. Furthermore, 
confirm the increase in system COP due to the decrease 
of load factor (i), and evaluate system efficiency 
characteristics resulting from the load factor.  
Heat source subsystem test 
Target system and objective 
Figure 6 shows the calculation targets and boundary 
conditions for the heat source subsystem test. In this test, 
the two air source heat pump chillers (AHP1 and 2), the 
gas absorption chiller (AR1), the primary pumps (PP) 
and the secondary pumps (SP) connected to the heat 
source system are targeted. Based on the steady-state 
calculation results for each test case, it is checked 
whether the three controls (the control of the number of 
heat sources, the secondary pump speed control and the 
secondary pump unit controls) are properly calculated. 
In addition, the characteristics of the three pieces of 
equipment are checked to determine whether they are set 
up correctly and their behaviour is correctly calculated: 
1) heat source, 2) primary pump and 3) secondary pump. 
The parameters to be varied, representing the boundary 
conditions and preset values, are outdoor air temperature 
and humidity, cooling water temperature and flow rate, 
chilled water temperature difference and flow rate, and 
heat source unit control threshold.  
Test case configuration and control logic 
Figure 7 shows the configuration of the heat source 
subsystem test and Table 4 shows the test conditions. 
The configuration of cases for this test is similar to that 
of the cooling water subsystem test. HSS100 is again the 
case for confirming whether the rated values are 
calculated correctly and for checking for any differences 
among the simulation results under the rated conditions. 
HSS110 is for confirming the characteristics of the heat 

sources according to outdoor air conditions. HSS200 is 
for the unit control logic for heat sources. HSS210 and 
HSS220 are test cases for confirming whether the 
secondary pump speed control logic is calculated 
correctly for changing the preset temperature difference 
of the chilled water. HSS230 is for the heat source unit 
control logic for changing the preset threshold for the 
heat source operation. 
The logic for the three control devices in the target 
system is outlined as follows. 
1. Heat source unit control logic 
Each heat source is turned on and off under cooling load 
by multiplying the rated capacity of each heat source by 
a preset threshold. 
2. Secondary pump speed control logic 
Secondary pump speed is controlled so that the 
differential pressure between the inlet header and the 
outlet header is constant. 
3. Secondary pump unit control logic 
Each secondary pump is controlled according to the 
chilled water flow rate. 

 
Figure 6: Schematic diagram of heat source subsystem test 

 
Figure 7: Test case configuration for heat source 

subsystem test 
Table 4: Test cases for heat source subsystem test 

 Conditions Preset 
value 

Case name To,DB To,WB Tcd,i Qcd Tc,i Tc,o Qc Udiff 
 [°C] [°C] [°C] [l/min]([%]) [°C] [°C] [l/min]([%]) [%] 

HSS100 36.0 27.0 32.0 2500 (100) 12.0 7.0 2500 (100) 90 
HSS110 23.9 17.0 25.0 2500 (100)     
HSS200 36.0 27.0 28.5 1250 (50)   750 (30)  
HSS210     17.0  375 (15)  
HSS220     10.0  1250 (50)  
HSS230     12.0  750 (30) 40 

Tcd,i: Cooling water outlet temperature, Qcd: Cooling water flow rate, Udiff: Unit 
control differential, *: The other variables are common to Table 3. 

 

*: In case of the tools which cannot exclude the cooling 
tower when the gas absorption chiller is modeled, 
evaluation target should be modeled the cooling tower.
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Evaluation method 
Figure 8 shows an example of the outputs from the 
cooling water subsystem test, showing eight of the 
output values. The following evaluation focuses on cases 
HSS200 and HSS210 as examples. Unless otherwise 
noted, the lower-case letter references in the text refer to 
the corresponding output variables in Figure 8. 
To evaluate the HSS200 results, check the change in 
heat balance and system efficiency as a result of 
reducing the load given as the input condition. In Figure 
8 (a), check whether heat output is appropriately reduced 
and evaluate whether the setting of the load condition is 
appropriate. Similarly, check if the number of heat 
source units in operation is reduced to two, and evaluate 
the heat source unit control logic. Confirm that the 
system COP is greater than HSS100 (h), and evaluate the 
equipment characteristics and the heat source unit 
control logic. In other words, confirm that only the 
efficient AHPs are now operating. 
To evaluate the HSS210 results, check the change in 
pumping power resulting from the change in chilled 
water temperature difference by comparing against the 
HSS200 results. Confirm that the larger the temperature 
difference of the chilled water on the secondary side, the 
smaller the flow rate of the secondary pump (e) and the 
lower the pumping power (f), and evaluate the method of 
setting the temperature difference and the characteristics 
of the pump. Also, confirm that the larger the chilled 
water temperature difference, the smaller the flow rate 
on the primary side (c) and the larger the bypass flow 
rate (g), and evaluate the calculation algorithm for the 
temperature difference and the bypass flow rate. 
Variable-air-volume air handling unit 
subsystem test 
Target system and objectives 
Figure 9 shows the calculation targets and boundary 
conditions for the variable-air-volume air handling unit 
(VAV AHU) subsystem test. The targets of this test are 
the blower and the chilled water coil, which are the 
components of the VAV AHU subsystem, and the 
steady-state calculation results for each test case are used 
to check whether the VAV control logic (Ono et al., 
2017), which controls the room temperature in each zone 
to the preset value even if the cooling or heating load 
varies among the multiple air-conditioning zones, is 
properly calculated. Check whether the required air flow 
rate and supply air temperature in the VAV control logic 
is properly controlled for the given load and that the 
room temperature is maintained. Check whether the 
VAV control logic properly controls the fan inverter. If 
the zone load becomes very small, the VAV will deviate 
from the control range and the preset room air 
temperature will not be maintained; check what kind of 
behaviour the simulation tool shows in this case. Also, 
check whether the characteristics of the two devices 
(chilled water coil and blower) are set properly. Change 
the boundary condition (air-conditioning zone sensible 
cooling load) shown in Figure 9 and check the change in 
each calculated output. When building the model, the air 

conditioning zone and equipment are connected, and the 
air conditioning load is applied to the air conditioning 
zone as a boundary condition. In the case of a tool that 
requires coupling of the building model and the air 
conditioning zone, it is necessary to approximate the 
perimeter load to 0, assuming an outer wall insulation 
thickness of 1 m. 
Test case configuration and control logic 
Figure 10 shows the configuration of the VAV air 
handling unit subsystem test and Table 5 shows the test 
conditions. The configuration of cases for this test is 
similar to that for the cooling water subsystem test. 
AHS100 is the case for confirming whether the rated 
values are calculated correctly, and for checking for any 
differences among the simulation results under the rated 
conditions. AHS110 is the case for confirming whether 
the supply air flow ratio control logic for the VAV, 

 
Figure 8: Heat source subsystem test results 

*Abbreviations L, B, P, A and E refer to the trial tools listed in Table 2 
*The test case numbers of the subsystem test are shown along the horizontal axis. 

 
Figure 9: Schematic diagram of VAV AHU subsystem test 
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which reduces the sensible cooling load in the air 
conditioning zones, is calculated appropriately. In 
addition, AHS120 is the test case for confirming room 
air temperature and coil load results when the zone 
sensible cooling load is reduced, taking the VAV unit air 
flow ratio out of the control range. AHS200 is the test 
case for confirming whether the VAV and the supply air 
temperature reset control logic are calculated 
appropriately under the same zone cooling load 
condition as AHS120. AHS300 is the test case for 
confirming whether the VAV and the supply air 
temperature reset control logic are calculated 
appropriately when the cooling load varies among 
multiple air-conditioning zones.  
The logic for the three control devices in the target 
system is outlined as follows. 
1. VAV control logic 
The supply air flow rate into an occupied room is 
controlled by adjusting the damper opening based on the 
room air temperature measured by a temperature sensor 
and the temperature set point. The VAV controller 
calculates the required air flow rate from the damper 
opening and the deviation of room temperature from the 
set point. 
2. Fan speed control logic 
The fan rotational speed is controlled so that the fan air 
flow rate is equal to the sum of the air flow rate required 
by each VAV unit. 
3. Supply air temperature control logic 
The air temperature decreases by 0.5°C for an air flow 
ratio of 95% or more, increases by 0.5°C for an airflow 
ratio of 45% or less and, in the case of zones with 
multiple VAV units, the decision is based on whether at 
least one of the units meets these conditions. The control 
setting range (upper and lower limits) of the supply air 
temperature shall be 16°C to 22°C. 
Evaluation method 
Figure 11 shows an example of the outputs from the 
VAV AHU subsystem test, showing 10 of the output 
values. The following evaluation focuses on cases 
AHS120 and AHS200 as examples. Unless otherwise 
noted, the lower-case letter references in the text refer to 
the corresponding output variables in Figure 11. 
To evaluate the AHS120 results, check the VAV air flow 
ratios (f, h, j) and the room temperature (or chilled water 
coil heat-processing rate) (e, g, i or a) to verify whether 
the phenomenon of exceeding the control range of VAV 
and consequent inability to maintain the set room 
temperature can be simulated when the zone load is 
extremely small. Furthermore, compare the fan power 
consumption results in cases AHS100 and AHS110 (d) 
to verify the characteristics of the fans, and confirm that 
the air flow rate is further reduced from that in cases 
AHS100 and AHS110, correspondingly reducing fan 
power consumption. 
To evaluate the AHS200 results, in regard to the supply 
air temperature, compare with AHS120 (b) and verify 

whether the supply air temperature reset control is 
properly simulated. The load condition is the same as 
that of AHS120, however confirm that the supply air 
temperature increases by enabling the supply air 
temperature reset control. 
Discussion 
Based on this analysis of subsystem test trials in which 
two comparison procedures were implemented (case 
comparison and tool comparison), we discuss the 
learnings from the three subsystem tests and how the 
subsystem tests can help locate faults in the inputs and 
models.  
Results of cooling water subsystem test 
In the cooling water subsystem test, discrepancies were 
found in the results of the first trial (Round 1) between 

 
Figure 10: Test case configuration for VAV AHU subsystem 

test 
Table 5: Test cases for VAV AHU subsystem test 

Case 
name 

Conditions Preset values or setting 

qNP qNEP qNWP Tset,zone TSA 
Supply air 

temperature 
reset control 

[kW] (%) [kW] (%) [kW] (%) [°C] [°C] On/Off 
AHS100 13.8 (100) 5.9 (100) 5.1 (100) 26.0 16.0 Off 
AHS110 8.3 (60) 3.5 (60) 3.1 (60)    
AHS120 3.5 (25) 1.5 (25) 1.3 (25)    
AHS200     16.0-22.0 On 
AHS300 3.5 (25) 3.5 (60) 3.1 (60)    
qNP: Sensible cooling load of zone NP, qNEP: Sensible cooling load of zone NEP, qNWP: 
Sensible cooling load of zone NWP, Tset,zone: Zone temperature set point, TSA: Supply 
air temperature of AHU 

 
Figure 11: VAV AHU subsystem test results 

*The case numbers of the subsystem test are shown along the horizontal axis. 
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the simulation tools tested by participants. In analysing 
the results of the test cases, programming faults were 
found in some of the tools. After fixing these faults, the 
discrepancies were resolved in the second trial (Round 
2). Note that the example results given in Figure 5 are 
from Round 2. 
Figure 12 shows the cooling tower outlet temperature 
and flow rate results for Round 1 (left) and Round 2 
(right). The LCEM results in Round 1 for the cooling 
tower outlet temperature should be higher at CWS130 
than at CWS120. In Round 2, having called the attention 
of the participant using LCEM to discrepancy, the inputs 
were corrected and the discrepancy with the other tools 
has been resolved. In the test, the participant that used 
LCEM detected the difference in performance of the 
cooling tower between the model and the guideline 
(SHASE, 2016). In this way, it is demonstrated that 
comparing cases helps to locate faults in the model 
inputs. 
Figure 13 shows the calculated power consumption of 
the CWT pump for Round 1 (left) and Round 2 (right). 
With tools LCEM, Popolo and ENe-ST, the values in 
Round 1 are higher than with the other tools. The cause 
of this discrepancy was found to be an input error due to 
incorrect interpretation of the given input specifications 
by the participants. After correction, in Round 2 the 
deviation in the results was reduced. Thus comparing the 
results of different tools is shown to be helpful in 
detecting faults in the model inputs. In particular, it 
enabled us to clearly detect the differences apparent in 
Figure 5 (h, i). 
Results of heat source subsystem test 
In the heat source subsystem test, we found that 
quantitative analysis can explain the difference in the 
results of the step-by-step tests. As shown in Figure 8 (h), 
system COP was found to vary greatly among the tools. 
This discrepancy is mainly due to the modelled 
performance of the heat sources. Because some tools, 
such as BEST and Popolo, are not designed to allow 
users to input specific performance parameters, the heat 
source with the most similar performance from among 
those in a built-in database is selected, but in this 
situation performance is different from that specified in 
the guideline. We confirmed that this discrepancy is 
mainly due to above mentioned causes by simulating 
LCEM model with the input condition of BEST and 
Popolo. 
Trial results of VAV air handling unit subsystem test 
The differences between the results in the step-by-step 
cases can be explained qualitatively in the VAV 
subsystem test. Case AHS120 was used to simulate a 
situation in which zone temperature cannot be controlled 
to the preset temperature when, under a low load 
condition, the air flow rate of the VAV unit reaches its 
lower limit. This often happens in a real system. The 
tools take two approaches to simulating this situation 
using different algorithms: one algorithm calculates the 
zone temperature considering the heat balance between a 
zone and its VAV unit; the other sets the zone 

temperature to a preset value neglecting the heat balance. 
Tools BEST, LCEM, ACSES use the former and Popolo 
and ENe-ST the latter. With the former tools, zone air 
temperatures fall below the preset 26°C, while with the 
latter tools they stay at 26°C, as shown in Figure 11 (e.g. 
i). On the other hand, the output values of coil load of 
the former are almost equal to the zone cooling load, 
while those of the latter are higher, as shown in Figure 
11 (a). The results vary significantly between the two 
approaches due to the differences in the calculation 
algorithm.  
Cases AHS200 and AHS300 are used to add air 
temperature reset control logic to the VAV control logic 
in case AHS120 to simulate controlling the zone. The 
supply air temperatures are controlled to be higher than 
the lower limit supply air temperature of 16°C according 
to each tool’s simulation algorithm for supply air 
temperature reset control, as shown in Figure 11 (b). The 
VAV air flow ratios of the three zones (NP, NEP, NWP) 
are calculated according to the sensible cooling load of 
each zone by each tool’s simulation algorithm as shown 
in Figure 11 (f, h, j). As a result of avoiding the lower 
limit of VAV unit air flow, the zone temperatures are 
held approximately to the preset value of 26°C in these 
two cases, unlike the case AHS120, as shown in Figure 
11 (e. g. i). Therefore, although the calculation 
algorithms for the control logic may differ in detail 
depending on the tool, the results obtained by each tool 
are similar. Note that there are no results for LCEM in 
cases AHS200 and AHS300 because there is no 
calculation algorithm for supply air temperature reset 
control logic in this tool.  
Figure 14 is a scatter diagram created based on the 
results obtained from the air flow ratio of the fan and the 
power consumption of the fan in Figure 11 (c, d). The 
differences in fan performance input in each simulation 
tool are apparent in the different calculations of fan 
power consumption. The reason for these differences is 

 
Figure 12: CW flow rate in Rounds 1 and 2 

*The case numbers of the subsystem test are shown along the horizontal axis. 

 
Figure 13:Pump power of CWP in Rounds 1 and 2* 

*: The symbols are same as Figure 12 

 
Figure 14: Fan performance curve 
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the same as in the heat source subsystem test and 
indicates that there is a need to improve the descriptions 
of equipment performance specifications in the SHASE 
guideline. 
Summary of discussion 
From the results discussed above, it is clear that 
differences and errors in the modelling of equipment, 
systems and control logic can be discovered by 
implementing subsystem tests as proposed, in which 
control action, equipment performance, and system 
performance are examined as boundary conditions and 
control preset values are changed.  
The input errors detected in this analysis were not only 
caused by participants’ lack of skill with the simulation 
tools, but also by inaccurate descriptions in the SHASE 
guideline. These need to be improved so simulation 
participants are able to accurately understand the test 
conditions given in the guideline. 
Conclusion 
We have added a new subsystem test to the test 
procedure used for the previously presented evaluation 
method for building energy simulation tools. These 
subsystem tests are focused on testing the performance 
of equipment and system behaviour under control. The 
following are the findings from implementing the new 
test procedure. 
1) System and equipment performance can be tested 
more directly and faults in programming and input errors 
can be more easily found by changing not only the 
boundary conditions but also the control setting values 
incrementally. Faults can be detected by comparing the 
simulated results among different tools as well as 
between cases. 
2) Comparisons between cases are conducted to confirm 
that the results of various simulation tools have the 
correct general tendencies according to the performance 
of the equipment and control system. This can be useful 
for the evaluation of tools under development or being 
updated as well as for the training of beginners in the use 
of simulation tools. 
As a result of this work, we are going to update our 
guideline by adding the developed subsystem tests as 
well as refining the explanation of test conditions. We 
will also try to apply the subsystem tests to non-domestic 
simulation tools such as EnergyPlus, while considering 
the practical application of our test procedure, especially 
in the commissioning process. 
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