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Abstract 
Manufacturing industries play an important role in economic development, but a large 
amount of energy is consumed in the removal of pollutants and heat generated on the 
manufacturing floor. An efficient ventilation system is needed for improving indoor 
air quality and thermal comfort at reduced energy cost. This study studied a 
displacement ventilation system with diffusers around columns for a machining plant, 
and compared its energy consumption with that of a perfect mixing ventilation system 
and the existing ventilation system in the plant. This investigation used computational 
fluid dynamics (CFD) to determine the vertical air temperature gradient in the plant, 
and the impact of temperature gradient on energy was estimated by means of building 
energy simulations (BES). The annual energy cost for the improved displacement 
ventilation system was 17.5% lower than that for mixing ventilation and 20.3% lower 
than for the existing ventilation system. However, because a large amount of outdoor 
air was used in winter, the heating energy consumption with the displacement 
ventilation was slightly higher than with the other two ventilation systems.  

Keywords: Energy simulation; Indoor air quality; Thermal comfort; Displacement 
ventilation 

1. Introduction
The China Energy Statistical Yearbook [1] reported that the manufacturing

industry consumed 2.45 billion tons of standard coal equivalent energy in 2017, which 
accounted for 54.7% of the total national energy consumption. Because 
manufacturing processes generate large amounts of pollutants and heat [2], industrial 
buildings must use a lot of energy for air conditioning and ventilation to maintain a 
healthy and thermally comfortable environment [3]. A study of seven factories 
showed that air conditioning and ventilation systems accounted for up to 88.3% of the 
total building energy consumption for different types of industrial buildings [4]. In 
addition, most industrial buildings use mixing ventilation systems, and the ventilation 
efficiency of mixing ventilation system was low [5-9]. Therefore, an efficient 
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ventilation system is required to ensure indoor air quality and thermal comfort at 
reduced energy cost. 

The supply air outlets of mixing ventilation systems are often installed in the 
ceiling. It is difficult to supply air directly to the occupied zone, and energy is often 
wasted because of poor ventilation efficiency. Advanced ventilation systems could 
improve heat removal efficiency [10,11] and pollutant removal efficiency [12,13]. 
Compared with the traditional mixing ventilation system, displacement ventilation 
supplies fresh air directly at floor level in order to dilute contaminants. Cao et al. [14] 
reviewed the energy performance of various ventilation systems in office buildings 
and experimental chambers, and found that displacement ventilation provided a 
20–34% reduction in energy use in comparison with mixing ventilation. Currently, 
very few studies have been conducted in industrial buildings to investigate the energy 
performance of different ventilation systems.  

Caputo and Pelagagge [4] proposed a retrofit hybrid displacement ventilation 
system for an industrial building and found that its annual energy consumption was 
reduced by 50% compared with that of a mixing ventilation system. However, the 
annual result was deduced from field measurements performed within a single day. 
Such simplification may lead to large errors. In addition, field measurements are often 
time-consuming and costly. In contrast, building energy simulations (BES) can 
quickly provide detailed results at low cost [15]. For example, Lau and Chen [5] 
simulated the annual building energy consumption for a manufacturing workshop 
with floor-supply displacement ventilation in five climate regions in the United States. 
The authors concluded that displacement ventilation could save cooling energy in 
industrial buildings in most of the climate regions in the U.S. The simulation 
considered only thermal comfort and not indoor air quality. Since many industrial 
processes generate large amounts of pollutants, it is important to study the efficiency 
of contaminant removal by the ventilation system when performing energy 
simulations.  

Most energy simulations assume uniform indoor air temperature [16]. However, 
in industrial buildings, vertical temperature stratification exists because of high 
ceilings [8]. In addition, pollutant removal efficiency has an impact on energy 
consumption. For the sake of accuracy, energy simulations should consider the indoor 
air distribution. The above simulation by Lau and Chen [5] and a study by Mateus and 
da Graça [17] both used three-node zonal models for the temperature stratification 
that is presented with a displacement ventilation system. However, the zonal models 
were based on simplified airflow patterns [18], and thus their applicability to 
industrial buildings was limited [19].  

Unlike zonal models, computational fluid dynamics (CFD) can be applied in 
industrial plants to predict air temperature and pollutant stratifications [20]. Chen and 
van der Kooi [21] and Negrao [22] proposed the coupling of an energy simulation 
program with CFD in order to accurately calculate air temperature and pollutant 
distributions. Later, Zhai et al [23] analyzed different coupling strategies and 
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concluded that stable and exclusive solutions do exist [24]. However, CFD requires 
intensive computational resources, and direct coupling of CFD with BES entails a 
long computing time [25]. The time needed for one hourly coupling simulation of a 
simple room was reported as 6.2 h [26]. Thus, it would be too expensive to simulate 
the annual (8760 h) energy consumption for a large factory. To reduce computing 
time, many studies have tried to couple CFD with BES indirectly [27-31] by using a 
fixed airflow pattern predicted by CFD in a building energy simulation. However, in 
actual situations, day-to-day airflow fields may vary greatly with the outdoor climate 
and air conditioning load, and large errors would emerge in energy prediction.  

To balance accuracy and speed in simulating the annual energy consumption by 
a ventilation system in a large factory, this study proposed a framework for indirect 
coupling of CFD and BES by assuming that the air temperature gradient varied 
linearly with air conditioning load [21]. Under the same average air temperature and 
indoor air quality levels, this investigation studied annual energy consumption for a 
machining plant with different three ventilation systems: mixing ventilation, existing 
ventilation, and displacement ventilation.  
 
2. Method 

Figure 1 shows the research flow chart for this study. First, field measurements 
were performed in a machining plant to acquire essential information for energy 
simulations and validation. Based on the information about the building and 
ventilation system from on-site measurements, numerical simulation models were 
created in BES and CFD programs. The indoor air temperature and energy 
consumption obtained from field measurements were used to calibrate and validate 
the indirect coupling simulation. The validated models were then utilized to compare 
the energy consumption of mixing ventilation, existing ventilation, and displacement 
ventilation in this machining plant.  
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Figure 1. Research flow chart for present study 
 
2.1 Machining plant studied 

A machining plant in Tianjin, China, was selected for this study to compare 
energy consumption with different ventilation systems. The selected plant was a 
typical industrial building with a high ceiling, complex air conditioning system, and 
intense generation of heat and pollutants. The single-story building had a floor area of 
27,540 m2 (306 m×90 m) and ceiling height of 8 m. Figure 2 shows the layout of the 
machining plant, which housed many production lines consisted of two rows of 
machining equipment that distributed throughout the building and several furnaces 
that located in heat treatment zone. Temperature sensors were installed in the plant to 
control HVAC system. Both of manufacturing processes would generate heat and 
pollutants. Therefore, a large amount of energy would be consumed by the HVAC 
system in the plant for indoor air quality and thermal comfort. 

 
Figure 2. Layout and photos of the machining workshop. 
 

Figure 3 shows the annual energy consumption for this machining plant in 2018. 
The overall annual energy consumption was 2.63×107 kWh, and manufacturing 
processes (machining and heat treatment) consumed about 58% of the total energy. 
The auxiliary section of the chart represents the energy used for building operation, 
such as the HVAC system and lighting. Chillers and fans accounted for most of the 
energy use in this sector, and they consumed 1.41×106 kWh and 1.44×106 kWh of 
electricity, respectively. The chillers and fans were components of a complex 
ventilation system designed to maintain thermal comfort and indoor air quality. In this 
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study, we refer to the current ventilation system in the plant as the “existing 
ventilation system.” 

 
Figure 3. Annual energy consumption by the machining workshop  
 

Figure 4 provides a schematic diagram of the existing ventilation system in the 
machining plant. Existing ventilation system was consisted of recirculation system, 
fresh air system and exhaust air system. Recirculation system which was suspended at 
a height of 4.5 m above the floor had two types of air ducts and air handling units 
(AHUs) were used in the recirculation system throughout the plant for ventilation and 
air conditioning. Two make-up air units (MAUs) were employed in the fresh air 
system which were attached to wall to provide fresh air in summer. Meanwhile, the 
exhaust fans installed in the roof were sources of significant infiltration. 

 

Figure 4. Schematic diagram of the existing ventilation system  
To measure indoor air temperature for energy simulation validation, we installed 

twenty-one air temperature loggers in the middle of the machining plant, as shown in 
Figure 2. The indoor air temperature was recorded continuously for one week during 
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the cooling season, from September 11 to September 17, 2018, and for another week 
during the heating season, from November 26 to December 2, 2018. In addition to 
indoor air temperature, the monthly electricity consumption levels for the chillers, 
chiller water pumps, and fans in 2018 were obtained for the validation. Meanwhile, 
surface temperatures, supply air temperature, outdoor air temperature, and particle 
emission rate were recorded to provide boundary conditions for the CFD simulation.  

Heat gains from equipment were an important input to the energy simulation of 
industrial buildings. This study divided the heat into radiative and convective portions 
according to our field measurements. Table 1 shows the type and accuracy of 
measuring equipment. Nearby air temperature and average surface temperature of 
machining equipment and furnace were measured by multi-parameter ventilation 
meter and infrared camera respectively. Then radiant and convective heat gains from 
machining equipment and furnace could be estimated and ratios of radiant heat could 
be calculated. The calculated ratios of radiant heat from the machining equipment and 
furnace were 0.5 and 0.8, respectively. The internal heat gains from equipment and 
lighting were estimated by dividing the annual electricity consumption by the number 
of working hours. The calculation method of other heat gains such as heat gains from 
building surfaces, solar heat gains through fenestrations and heat gain due to 
infiltration were ordinary and they were calculated in EnergyPlus. Supply and exhaust 
ventilation rates were determined from the ventilation volume recorded in the field 
measurements. Table 2 provides detailed information about the machining plant and 
the existing ventilation system, which were used in CFD and BES simulations. This 
study also obtained local weather data for 2018 from a station located 2 km away 
from the machining plant. The weather data was used in the building energy 
simulation. 
Table 1. Specifications of measuring equipment 

 
Table 2. Building and ventilation system information for the machining plant 

Parameter Type Value 

Daily work  
schedule         

Four shifts  
per day 

08:00-12:00 
13:00-17:00 
21:00-01:00 
02:00-06:00 

Internal heat gain  Machining 2850 

Parameter Equipment Range Accuracy 

Air temperature Multi-parameter 
ventilation meter 

(TSI-8386) 

-10～60℃ ±0.3℃ 

Wind speed 0～50m/s ±0.015m/s 

Long term monitored air 
temperature  

Air temperature logger 
(Risym DHT22) 

-40～80℃ ±0.5℃ 

Surface temperature 
Infrared camera 

(VARIOCAM® HD 
RESEARCH 900) 

-40～2000℃ ±1℃ 
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(kW) Furnace 550 
Lighting 50 
People 36 

Ventilation volume  
(m3/s) 

Supply 329.2 
Exhaust 213.0 

Surface temperature 
(winter/summer)  

(oC) 

Wall 20/33 
Equipment 21/35 

Floor 19/33 
Roof 21/39 

Infiltration air temperature 
(winter/summer) (oC) 

/ -3/35 

Supply air temperature 
(winter/summer) (oC) 

/ 32.0/22.3 

Particle emission rate (kg/s) 
Each piece of 

equipment 
2.8×10-7 

 
2.2 CFD and BES simulations 

Based on the information from the field survey, CFD and BES models of the 
machining workshop were built in the Fluent and EnergyPlus programs. Commercial 
CFD software ANSYS Fluent [32] was employed by Wei [43] to simulate 
temperature, air velocity and pollutant conditions of this plant, the vertical air 
temperature gradient and pollutant distribution of which were then used in EnergyPlus 
[33] to predict energy consumption. The simulation was first performed on the 
existing ventilation system under the actual scenario in 2018 to validate the accuracy 
of the results. After completing the validation, we compared the annual energy 
consumption for the three ventilation systems under the same levels of pollutant 
concentration and average air temperature.  

To ensure that the energy consumption levels of different ventilation systems 
were compared at the same pollutant and average air temperature levels, and to 
account for the varying temperature gradient in the energy simulation, a framework 
was proposed to indirectly couple CFD with BES, as shown in Figure 5. First, the 
allowable pollutant concentration and acceptable thermal comfort levels were 
achieved by finding a suitable supply flow rate and supply air temperature in CFD. 
Next, the vertical temperature gradient calculated by CFD was adjusted according to 
the air conditioning load before feeding this information to the BES to predict energy 
consumption. The following provides a more detailed description. 
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Figure 5.  Framework for indirect coupling of CFD and BES for industrial buildings 
 
The first step of the indirect coupling scheme was to find the ventilation rate that 

could provide the allowable pollutant concentration. Constant-volume ventilation 
systems are used for industrial buildings because the pollutant emission level of a 
manufacturing process varies little in the course of a year, and the pollutant field is 
determined mainly by the ventilation rate [34]. Here, the ventilation rate was found by 
adjusting the flow rate in the CFD calculation until the pollutant concentration met the 
standard. In our study, the manufacturing process would generate metalworking fluid 
aerosols [35], and a particle concentration of 500 ug/m3 in the breathing zone (1.4 to 
1.6 m) was used as the limit, as recommended by the National Institute for 
Occupational Safety and Health (NIOSH) [36].  
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The second step was to adjust the supply air temperature in the CFD simulation 
until the air temperature in the occupied zone (0-2 m) satisfied the thermal comfort 
requirement for workers. In this study, the summer set point was 25 oC, while the 
winter set point was 18 oC, as recommended by the American Society of Heating. 
Refrigerating and Air-conditioning Engineers (ASHRAE) [37]. Please note that the 
supply air temperature determined at this point was used in the CFD simulation only 
to obtain the temperature gradient; it was not the supply air temperature that was used 
in the building energy simulation. In the BES, the supply air temperature was 
determined automatically according to the ventilation rate and air conditioning load.  

After the air temperature gradient was obtained by CFD, the third step was to 
adjust the air temperature gradient by assuming that it was proportional to the air 
conditioning load. Chen [21] found that such an assumption would not lead to 
significant error in the energy simulation. As shown in Figure 5, the air temperature 
gradient was iteratively updated according to AC load until it converged. The iteration 
was performed with the Energy Management System (EMS) feature in EnergyPlus. 
When the air temperature gradient was imported to EnergyPlus, the method by 
Griffith [38] was employed with a non-dimensional height room air model.  

Figure 6 shows examples of the change in air temperature gradient for different 
air conditioning loads with the existing ventilation system in the plant during the 
cooling season. The air temperature in the occupied zone was constant under different 
air conditioning loads. The lower the load, the smaller was the temperature difference 
between the occupied zone and the supply air, return air and indoor average 
temperature. Under this assumption, we could quickly calculate the annual energy 
consumption of an industrial building with reasonably good accuracy. 

 
Figure 6. Temperature difference with existing ventilation system for different air 
conditioning loads  
 

Indirect coupling of CFD and BES was necessary only for a ventilation system 
that created a temperature gradient. For mixing ventilation, the pollutant concentration 
and air temperature were assumed to be uniform throughout the entire space. 
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Therefore, we needed only the ventilation rate, Q (m3/s), which could be easily 
calculated by: 

 
where Ṡ is the pollutant emission rate (mg/s), C the particle concentrations of indoor 
air (500 ug/m3 in this study), and Cs the particle concentration of supply air, which 
was zero in this study under the assumption of complete removal of particles by a 
filter.  
 
2.3 Validation of simulations 

A large number of uncertain variables can impact the energy consumption of a 
building [39], and many parameters, such as the heat gain from equipment and the 
infiltration rate, cannot be accurately obtained through field measurements. Before an 
energy simulation program can be used to compare the energy use for different 
ventilation systems, the simulation must be validated to ensure accuracy [40]. This 
study sought to validate the energy simulation by comparing the measured and 
predicted indoor air temperatures in the machining plant with the use of the existing 
ventilation system. The energy consumption for the existing system in 2018 was also 
calculated and compared with the measurement results. Please note that the objective 
in validating the simulation was to compare the predicted outputs with the 
measurements under actual conditions [41]. Hence, the ventilation rate and supply air 
temperature in the validation simulation were not determined by the framework 
proposed in Figure 5; rather, they were the measured values displayed in Table 2. 

Following the recommendation of ASHRAE [42], two indices, the normalized 
mean bias error (NMBE) and the coefficient of variation of the root-mean-square 
error (CV(RMSE)), were used to determine whether the simulation accuracy was 
acceptable. NMBE and CV(RMSE) are defined as follows: 

 

 
where Vactual is the measured value, Vmodeled the value predicted by the simulation, and 
N the number of data points. According to ASHRAE, a model can be considered 
calibrated if NMVE < 5% and CV(RMSE) < 15% when monthly data are used, or 
NMVE < 10% and CV(RMSE) < 30% when hourly data are used [42]. 

In addition to the energy simulation, the CFD program was validated with the 
use of measured air temperature and contaminant concentration in several locations in 
a high-ceiling lab with heat and pollutant sources. Further information concerning the 
CFD modeling of this plant can be found in Wei et al. [43]. 
 
2.4 Energy simulation of three ventilation systems 

The main objective of this study was to compare the annual energy consumption 
for three ventilation systems (mixing ventilation, existing ventilation and 
displacement ventilation).  

We assumed a perfect mixing system, which was an ideal condition. Clean air 
was supplied to the plant, and contaminated air was exhausted form the plant. A 
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portion of the exhausted air was recirculated after being cleaned by filters. The 
distributions of the air temperature and contaminant concentration were assumed to be 
uniform. 

 Figure 4 portrays the existing ventilation system in the machining plant. Air 
handling units (AHUs) were suspended at a height of 4.5 m above the floor, and clean 
air was supplied through an inlet duct. One portion of the contaminated air was 
returned to the AHUs, while another portion was exhausted to the outdoors through 
fans on the roof. To remove particles from the return and exhaust air, filters were 
installed in the AHUs and exhaust fans. The AHUs blew air downward, while the 
thermal plumes from the machines rose upward. The opposing airflows may have 
created numerous large vortexes and reduced ventilation efficiency.  

Figure 7 illustrates the displacement ventilation system proposed by Wei [43]. 
Compared to traditional displacement ventilation system, it has three advantages: (a) 
supply air outlets were distributed throughout the plants for better interior ventilation; 
(b) supply air ducts were attached to columns for less space used; and (c) all fresh air 
mode to reduce energy uses on filtering. Clean air is delivered to the outlet near the 
floor through columns to dilute the pollutants and cool the air in the occupied zone. 
Air is then heated by the machining equipment and rises upwards to the exhaust fans 
in the roof. The single-direction airflow provided by the new displacement ventilation 
system could improve the heat and pollutant removal efficiency. Therefore, there was 
no need for auxiliary exhaust air duct. To maintain the airflow pattern of displacement 
ventilation, the supply air temperature should be lower than the indoor temperature 
even in winter. Pure fresh air is used by the displacement ventilation system. In winter, 
cold outdoor air is heated to a slightly lower temperature than that of the indoor air, 
and an additional infrared heater system installed above the workers is used to ensure 
thermal comfort in the plant. 

 
Figure 7. Schematic diagram of the proposed displacement ventilation system   

Table 3 lists the parameters of the three ventilation systems. These parameters 
were used in the BES to ensure that the systems were compared at the same average 
air temperature and pollutant concentration levels. All three systems used AHUs, and 
the displacement ventilation system also used infrared heaters in winter. Each AHU 
used a chiller as the cooling source in the cooling season, and municipal hot water as 
the heat source. The infrared heaters in the displacement ventilation system employed 
gas as the heat source. Because of their different pollutant removal efficiencies, the 
three ventilation systems required different air flow rates. Since displacement 
ventilation has the highest pollutant removal efficiency, this system required the 
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lowest ventilation flow rate, 347.3m3/h. The ventilation rates for the mixing 
ventilation and existing ventilation systems were similar, and they were about twice 
that for displacement ventilation. Because the displacement ventilation system used 
outdoor air, its exhaust air volume was equal to the supply air volume. The exhaust air 
volumes for other two systems were consistent with the actual values recorded in the 
field survey. Since the displacement ventilation system used outdoor air, which was 
relatively clean, it needed only a low-efficiency filter with low resistance (110 Pa). 
The other two systems required high-efficiency filters with high resistance (290 Pa) to 
clean the polluted return air. Meanwhile, the displacement ventilation system used a 
shorter duct than the other two systems. With lower filter and duct resistance, the fan 
head pressure in the displacement ventilation system was lower than in the other two. 
The capacity of the chiller was determined from the air conditioning load for the 
design day, to ensure that the set point temperature could be reached year-round. In 
particular, the infrared heater in the displacement ventilation system was designed by 
ASHRAE’s effective radiant flux method [44] in order to provide the same operating 
temperature throughout the year.   

 
Table 3. Information about the three ventilation systems 

Parameter 
Ventilation system 

Perfect mixing Existing Displacement 

HVAC equipment AHU AHU AHU+ infrared heater 

HVAC operation mode Return air Return air Outdoor air 

Supply air volume（m3/s） 677.9 727.6 347.3 

Exhaust air volume（m3/s） 213 213 347.3 

Filter resistance (Pa) 290 290 110 

Fan pressure (Pa) 500 500 220 

Chilled water Pump (m3/h) 1166 1080 1181 

Hot water Pump (m3/h) 345 366 607 

Chiller (kW) 4594 3734 4134 
 
3. Results  
3.1 Validation of energy simulation for existing ventilation system  

Figure 8 shows the predicted and measured indoor air temperatures in a 
one-week period for the cooling and heating seasons. The outdoor air temperature is 
also provided. The measured indoor temperature is the mean temperature from the 21 
sensors installed in the middle of plant. The average of the temperatures predicted by 
EnergyPlus for the same zone and height are used in the comparison. According to 
Figure 8, the trend of the temperature variation in the simulation was similar to that 
for the measured temperature. The minimum daily indoor temperatures appear from 
06:00 to 08:00 and from 20:00 to 21:00, which are different from the time periods 
with minimum outdoor temperature. This is because a four-shift work schedule was 
implemented in the plant, and there were breaks from 06:00 to 08:00 and from 20:00 
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to 21:00. When the heat gains from the machining process became smaller, the 
temperature would decrease. In summary, there was good agreement between the 
measured and simulated air temperature. 

 

 
Figure 8. Comparison of simulated and measured air temperature in the machining 
plant for a one-week period in: (a) the cooling season;(b) the heating season 

 
Figure 9 compares the simulated energy consumption with the actual energy data 

from the plant, and the agreement between the two is good. The chiller and the chiller 
pump were in operation from May to September. In particular, the chiller worked for 
only five days in May, based on the actual conditions recorded in the field 
measurements. The energy consumption by the fans was high in summer and winter, 
and low in the transitional seasons. This was because only the exhaust fans were 
working in the transitional seasons, while the supply air fans operated only when 
heating/cooling was needed.  
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Figure 9. Comparison of energy consumption between the data and the simulation 

 
Table 4 summarizes the NMBE and CV(RMSE) indices for the measured and 

simulated data shown in Figures 8 and 9. The values of these indices were smaller 
than the ASHRAE limits [42]. Thus, the simulation was validated, and the energy 
simulation model was accurate. The model could then be used to predict the energy 
consumption for the HVAC systems in the machining plant. 
Table 4. Error analysis for the energy simulation  

Validation 
parameter 

Data  
frequency Indices Index 

value 
ASHRAE 

limit 
Chiller energy 
consumption Monthly NMBE 0.77% 5% 

CV(RMSE) 3.62% 15% 
Fan energy 

consumption Monthly NMBE -0.03% 5% 
CV(RMSE) 11.30% 15% 

Pump energy 
consumption Monthly NMBE -0.45% 5% 

CV(RMSE) 9.80% 15% 
Temperature of 
cooling season Hourly NMBE 0.38% 10% 

CV(RMSE) 2.05% 30% 
Temperature of 
cooling season Hourly NMBE 0.15% 10% 

CV(RMSE) 0.47% 30% 
 
3.2 Comparison of the three ventilation systems  

Next, this study used the validated EnergyPlus software to compare energy 
consumption by the mixing, existing, and displacement ventilation systems according 
to the method described in Section 2.2. The first step was CFD calculation of the 
pollutant and temperature gradients in the plant with the three different systems. 
3.2.1 Vertical pollutant and temperature gradients for the three ventilation 

systems 
Figure 10 displays the vertical particle concentration gradient for the three 

ventilation systems in the cooling and heating seasons. Particle concentration was 
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assumed to be uniform for the perfect mixing ventilation system. Flow rate of three 
ventilation systems were determined while average pollutant concentration of the 
breathing zone (1.4-1.6 m) were equal to 500 ug/m3. The existing ventilation system 
created a uniform pollutant field in the lower part of the plant, and a negative 
pollutant concentration gradient in the upper part. This occurred because the supply 
air outlets were positioned 4.5 m above the ground; the jet flow and thermal plume 
moved in opposite directions; and large vortexes trapped pollutants in the lower part 
of the plant. It was difficult for the exhaust fans in the ceiling to remove pollutants 
from the lower part. To solve those problem, the displacement ventilation system with 
lower supply air velocity created unidirectional airflow. It drew the pollutants from 
the occupied zone toward the ceiling and discharged them through the exhaust fans, 
thus improving the pollutant removal efficiency. Because it had the highest efficiency, 
the displacement ventilation system required the lowest ventilation flow rate and its 
lower supply air velocity would avoid draught in the occupied zone.  

Figure 10. Vertical pollutant concentration gradient for the three ventilation systems: 
(a) in the cooling season;(b) in the heating season  
 

Figure 11 shows the vertical temperature gradient for the three ventilation 
systems in the cooling and heating seasons. The mixing ventilation system was 
assumed to provide uniform air temperature. The temperature variation in the 
occupied zone was very small for the existing ventilation system in both summer and 
winter. A larger vertical temperature gradient existed with displacement ventilation, 
but the vertical temperature difference between head level (1.7 m) and ankle level (0.1 
m) was 2.1 K which was under the 3 K limitation of ASHRAE [37]. Using average air 
temperature of the occupied zones to represent thermal comfort was acceptable and 
can be conveniently used to control air-conditioning systems. Therefore, the supply 
air temperature of three ventilation systems were determined with the same average 
air temperature of the occupied zone (0-2 m). In the cooling season, the mean air 
temperature in the occupied zone was satisfactory. In the heating season, in order to 
save energy, the temperature to which the supply air was heated was lower than the 
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air temperature in the plant. This was done to maintain the flow characteristics of 
displacement ventilation. As a result, the mean air temperature in the occupied zone 
was only 16oC, which was lower than the design temperature of 18oC. To maintain an 
acceptable thermal comfort level, infrared heaters were used to provide overhead 
heating.  

 
Figure 11. Vertical temperature gradient with three different ventilation systems: (a）
in the cooling season;(b) in the heating season 

 
3.2.2 Energy analysis for the three ventilation systems  

Figure 12 displays the total annual energy consumption in terms of electricity, 
municipal hot water and gas, in units of kWh. The displacement ventilation system 
had the lowest fan head pressure and lowest ventilation flow rate. As a result, the 
fan energy consumption for this ventilation system was 53.9% lower than for the 
existing system and 59.7% lower than for mixing ventilation. Compared to perfect 
mixing, the existing ventilation system had a lower ventilation efficiency and 
consumed 14.4% more energy for fan operation. The chillers in the displacement 
and existing ventilation systems consumed 9.5% and 3.9% less electricity, 
respectively, than the chiller in the mixing ventilation system. This difference arose 
because the former two systems delivered cooled air to the occupied zone more 
effectively than the mixing ventilation. Compared to the fan and chiller, the pump 
had low electricity consumption. Displacement ventilation system had the lowest 
cooling energy consumption and highest heating energy consumption. As a result, 
its electricity consumption of the pump in displacement ventilation was greater than 
that for the existing ventilation system and less than that for mixing ventilation.    
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Figure 12. Different types of energy consumption for the three ventilation systems  
 

The displacement ventilation system consumed considerably more municipal hot 
water than the mixing and existing ventilation systems did. This was because the 
displacement ventilation had to heat 347.3 m3/h of cold outdoor air to room 
temperature, whereas the other two systems only needed to heat infiltration air, which 
was equal to the exhaust air volume of 213 m3/h. In addition, the displacement 
ventilation system used gas as fuel for the infrared heaters to maintain thermal 
comfort. In total, displacement ventilation consumed three times as much energy for 
heating as did the other two systems. The consumption levels of municipal hot water 
were similar for the existing and mixing ventilation systems. 

To compare the operating costs for the three ventilation systems, energy 
consumption levels were transformed to costs. The AHUs used municipal hot water 
for heating at a cost of 0.7343 Yuan/kWh; the radiant panels used gas for heating at 
0.216 Yuan/kWh; and other equipment such as the chillers, pumps, and fans 
consumed electricity at 0.31 Yuan/kWh. Figure 13 shows the monthly energy costs 
for the three different ventilation systems. While heating energy costs varied 
considerably, energy costs for the chillers did not differ greatly across the cooling 
months. This was because the heating load was influenced mainly by outdoor weather 
conditions, whereas the cooling load was affected by a combination of outdoor 
weather conditions and by the internal heat gains from the equipment.  
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Figure 13. Monthly energy costs for the chiller, hot water plus gas, and fan for the 
three ventilation systems 
 

Based on actual HVAC system operation in this plant, only exhaust fans were 
operating and consuming energy in April and October. Compared to mixing 
ventilation, the existing ventilation system used less energy for cooling and more 
energy for heating. Because pollutants were trapped in the lower part of the plant, the 
existing ventilation system needed a higher ventilation rate and thus more energy for 
fan operation. The total annual energy cost for the existing ventilation system was 
higher than that for mixing ventilation. Displacement ventilation with the all-fresh-air 
mode had both advantages and disadvantages. On one hand, displacement ventilation 
consumed a large amount of energy to heat fresh air in winter. On the other hand, it 
did not require a high-efficiency filter to clean the polluted return air. Thus, the 
energy cost for fan operation was reduced. Because of the lower energy cost ratio for 
municipal hot water and gas than for electricity, the energy saving for fan operation 
exceeded the heating energy increase. Compared to the costs for mixing and existing 
ventilation, the total annual energy cost for displacement ventilation was reduced by 
17.5 % and 20.3%, respectively.        

 
4. Discussion 
4.1 Comparing simulation speed and accuracy for different methods 

This study proposed a framework for indirect coupling of CFD and BES for the 
prediction of energy consumption in large industrial buildings. Simulating one case in 
CFD required more than 10 hours, and it would have been too expensive to perform 
repeated simulations for different conditions with varying outdoor climate. Therefore, 
the assumption that a vertical room air temperature gradient is proportional to the air 
conditioning load was employed in this study. Although the assumption may cause a 
discrepancy in energy consumption predictions, it still provides much higher accuracy 
than other approaches such as assuming a uniform air temperature or a fixed air 
temperature difference [21]. Table 5 summaries simulation speed and accuracy of 
different simulation methods. The new framework had a good balance between speed 
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and accuracy. By providing temperature gradient, the proposed indirect coupling 
framework had a better accuracy than mixing model and zonal model. At the same 
time, the proposed indirect scheme reduced computational time compared with direct 
coupling scheme. Compared with existing indirect coupling method, this proposed 
method can consider various outdoor climate conditions by updating air temperature 
gradient with air conditioning load.   
 Table 5. Speed and accuracy of different simulation methods 

Model 
Computing Time Simulation ability 

CFD
a BES

a
  Speed 

Pollutant 
distribution 

Temperature 
gradient 

Varied 
conditions 

Mixing model / 3*2min Good Bad Bad Bad 

Zonal model / 3*2min Good Bad Normal
b Normal

c 

Indirect 
coupling 
CFD and 

BES 

Past 
research[27-31] 3*2*10h 3*2min Normal Good Good Bad 

New 
framework  3*2*10h 3*2min Normal Good Good Normal

c 

Coupling CFD and BES 3*8760*10h / Bad Good Good Good 

a. '3' means three ventilation system; '2' or '8760' mean two typical case or 8760 case for all year; '10' or ‘2’ 

means each case would consume about 10 h for CFD and 2 min for BES. 
b. Zonal model could consider temperature gradient, but it could not accurately predict temperature gradient in 

industrial buildings 
c. The proposed scheme could consider the effect of outdoor climate on temperature gradient by updating the 

gradient with air conditioning load 
 

4.2 Assumptions and limitations 
Internal heat gains from equipment were difficult to measure, but they had a 

significant impact on the air conditioning load. Under the assumption that equipment 
heat gains remained the same over time, we calculated the size of the gains according 
to the equipment energy usage and operating schedule. 

Thermal comfort is influenced by many environmental parameters such as air 
temperature, air velocity, radiant temperature, and humidity [45][46]. In this study, we 
only considered average air temperature of the occupied zones for thermal comfort, 
and used the air temperature to control ventilation system. 

The energy consumption for the three ventilation systems was compared at the 
same pollutant and thermal comfort levels by using the indirect coupling framework. 
The simulations were intended to be consistent with practical operation strategy. The 
ventilation system stopped working when the air conditioning load was zero and only 
exhaust air system kept working to eliminate contaminated air. Although thermal 
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comfort and air quality could not be fully guaranteed, the comparison of energy 
consumption under such a strategy nevertheless revealed the advantages and 
disadvantages of the three ventilation systems.  

 
5. Conclusions 

This paper proposed an improved displacement ventilation system for a 
machining plant in Tianjin, China, and compared the system’s energy consumption 
with that for mixing and existing ventilation systems. The energy consumption for the 
three systems was simulated by coupling CFD and BES. The temperature gradient 
obtained by CFD was proportionally adjusted according to the air conditioning load. 
The energy consumption by different ventilation systems was compared at the same 
pollutant and thermal comfort levels. The research method was validated by 
comparing the predicted and measured indoor air temperature and energy 
consumption of the machining plant. The investigation led to the following 
conclusions:  

 The energy consumption by fans in the displacement ventilation system was less 
that for existing and mixing ventilation by 53.9% and 59.7%, respectively. This 
difference was due mainly to the high pollutant removal efficiency and low 
required ventilation rate of displacement ventilation. In addition, the filter 
resistance in the displacement ventilation system was low because the system did 
not require a high-efficiency filter to clean the polluted indoor air. The total 
energy cost for displacement ventilation was 20.3% lower than that for the 
existing ventilation system and 17.5% lower than that for mixing ventilation. 

 The displacement ventilation system was effective in supplying cool air to the 
occupied zone, so that the energy use in the cooling season was lower than that 
for the other two systems. However, because of the need to heat a large amount 
of outdoor fresh air to the room air temperature, displacement ventilation was not 
efficient in the heating season, and it consumed more heating energy in the 
winter. A heat exchanger should be used in displacement ventilation to save 
energy for heating. 

 Both vertical temperature stratification and pollutant removal efficiency had a 
significant impact on energy consumption by the ventilation systems. The new 
framework accounts for these factors by coupling CFD and BES, and is therefore 
recommended for predicting annual energy consumption in industrial buildings in 
the future. 
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