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Taking the bed in the bedroom as an air-conditioning system (ACS), this paper attempts to 

disclose the influence of air supply height (ASH) on sleep comfort. Specifically, a 

computational fluid dynamics (CFD) model was established to simulate the air temperature 

distribution, air speed, and carbon dioxide content (CDC) indoor at five ASHs of the ACS. 

The simulation results were compared with lab data. On this basis, the aeration efficiency 

(AE), temperature regulation risk (TRR), and energy-use factor (EUF) of the ACS were 

analyzed under different working conditions, and the overall efficacy of the ACS was 

assessed comprehensively by the technique for order of preference by similarity to ideal 

solution (TOPSIS).  
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1. INTRODUCTION

In tropical or subtropical regions, hot and humid summer 

usually lasts more than 7 months a year. Air conditioners must 

be turned on around the clock to create a good indoor 

environment for sleeping. Unsurprisingly, air-conditioning 

systems (ACSs) in tropical or subtropical regions consume 

more and more electricity, taking up a growing portion in the 

power consumed by buildings [1]. The building designers in 

these regions must pursue power-efficient air-conditioning, 

without sacrificing indoor thermal comfort.  

Task air-conditioning (TAC) [2] is an ACS composed of 

multiple working positions. In the working area, the 

temperature, humidity, and pollutant content can be adjusted 

by controlling various parameters. TAC is capable of 

maintaining a comfortable microenvironment through 

effective use of energy. As a result, the system has been widely 

used in office buildings and residential buildings.  

Many scholars discovered that TAC helps to create a sleep 

environment, because most beds cover a very limited space [3]. 

Some of themoptimized sleep environment with bed-centric 

TAC system, and realized power-efficient temperature 

regulation [4]. Someadapted TAC system to real bedrooms, 

and measured its aeration efficiency (AE), temperature 

regulation risk (TRR), and energy-use factor (EUF). 

The above analysis shows the importance to further explore 

the TAC system, aiming to ensure indoor thermal comfort 

without consuming too much electricity [5]. With the aid of 

computational fluid dynamics (CFD) software [6], the authors 

analyzed the VE, TRR, and EUF at various air supply heights 

(ASHs) of bedroom ACS, and comprehensively evaluated the 

overall efficacy, AE, temperature regulation effect [7], and 

power efficiency of bedroom TAC. 

2. NUMERICAL SIMULATION

2.1 Geometric model 

Figure 1 shows the geometric model of the target bedroom 

[8]. The dimensions of the bedroom are displayed in Figure 2. 

Several ASHs of the bedroom ACS were considered: 800mm, 

1,100mm, 1,400mm, 1,700mm, and 2,000mm. 

Figure 1. Geometric model of the target bedroom (ASH=1, 

100mm) 

Figure 2. Dimensions of the bedroom 
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2.2 Meshing 

 

Before CFD simulation, it is critical to mesh the 

computational domain into suitable grids. Since the target 

bedroom has a simple structure, this paper decides to mesh the 

empty and occupied areas separately into a few structured 

grids [9] (Figure 3). 

 

 
(a) Grids of the bedroom 

 

 
(b) Grids of manikin surface 

 

Figure 3. Grids of the geometric model 

 

2.3 Mathematical model 

 

The continuity and energy equations of three-dimensional 

(3D) steady state Reynolds-averaged Navier-Stokes (RANS) 

approach [10] were introduced to compute the air flow and 

thermal convection in the computational domain. The SST 

turbulence model [11] was coupled with the second-order 

upwind scheme of k-omega and k-epsilon models into a simple 

algorithm to solve the governing equations. The algorithm 

performs well in the prediction of air speed and thermal 

distribution indoor. 

The equation of the conservation of mass was adopted to 

forecast the indoor distribution of carbon dioxide content 

(CDC) [12]: 

 

𝛻(𝜌𝑢
→
𝑌𝑖) − 𝛻𝐽

→

𝑖 = 𝑆𝑖  
(1) 

 

𝐽
→

𝑖 = −(𝜌𝐷𝑖,𝑚 +
𝜇𝑡
𝑆𝑐𝑡

) 𝛻𝑌𝑖 − 𝐷𝑇,𝑖

𝛻𝑇

𝑇
 (2) 

 

Drawing on empirical evidence, the air supply temperature 

was set to 21-27℃, air supply volume to 20-110L/s, fresh air 

volume to 6.5-13L/s. Each simulation deals with nine cases. In 

total, 45 cases were compared to reveal the AE, TRR, and EUF 

under changing air supply volume, air supply temperature, and 

fresh air volume, such as to comprehensively evaluate the 

performance of bedroom TAC system. 

 

 

3. SIMULATION VERIFICATION 

 

To verify the CFD approach, an ACS with ASH=1,100mm 

was modeled for simulation. Figure 4 shows the measuring 

points of air temperature, air speed, and mean CDC of the 

manikin and unoccupied area at D, G, I, and M. 

 

 
 

Figure 4. Measuring points 

 

Figures 5-7 compare simulated parameters with actual 

parameters. It can be learned that the simulated parameters 

agree well with the actual ones. Overall, the simulated air 

temperature and air speed were consistent with the actual data 

in the empty area. As for CDC, the CDC near the mouth of the 

manikin was simulated under multiple speeds of the fresh air. 

The simulated CDC values were basically the same as the 

actual values. Hence, the CFD simulation is accurate enough 

to forecast the air temperature, air speed, and CDC in the 

computational domain. 

 

 
 

Figure 5. Simulated air temperature vs. actual air 

temperature 

 

 
 

Figure 6. Simulated air speed vs. actual air speed 

 

 
 

Figure 7. Simulated CDC vs. actual CDC 
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4. EVALUATION INDICES 

 

This paper evaluates the operating performance of the ACS 

in the sleep environment with AE, TRR, and EUF [13]. 

Among them, AE can be calculated by [14]: 

 

𝐴𝐸 =
𝐶𝑟 − 𝐶𝑠
𝐶𝑂𝑍 − 𝐶𝑠

 (3) 

 

Once the ACS enters operation, a cold wind will sweep 

across the sleep environment. Then, the TRR of the ACS [15] 

can be calculated by: 

 

𝑇𝑅𝑅 = (34 − 𝑡)(𝑣 − 0.05)0.62(0.37𝑣𝑇𝑢 + 3.14) (4) 

 

Note that any 𝑣 ≤ 0.05 m / s should be treated as 𝑣 = 0.05 

m/s, and any TRR > 100% should be taken as TRR = 100%. 

Suppose the mean air temperature remains the same. The 

higher the temperature, the greater the power efficiency. 

Hence, the EUF of the ACS can be calculated by [16]: 

 

𝐸𝑈𝐹 =
(𝑡𝑢𝑧 − 𝑡𝑠)

(𝑡𝑜𝑧 − 𝑡𝑠)
 (5) 

 

The EUF>1 indicates that the occupied area is on average 

hotter than the empty area. The higher the EUF, the better the 

power efficiency. 

 

 

5. TEST AND VERIFICATION 

 

Table 1 shows the CFD simulation results on AE, TRR and 

EUF. On this basis, the ACS performance was assessed in two 

steps: assessing against each of the three indices; evaluating 

the overall utility of the CAS by TOPSIS. 
 

5.1 Single-index assessment 

 

 
(a) Different fresh air speeds 

 
(b) Different air supply speeds 

 

Figure 8. Simulated AE vs. actual AE 

 

Figure 8 compares the simulated AE with the actual AE. As 

fresh air speed increased, the best AE was achieved under 

ASH=1,100mm, followed closely by ASH=800mm. With the 

growth of air supply volume, ASH=800mm realized the best 

AE, followed by ASH=1,100mm. 

 

 
(a) Different air supply speeds 

 
(b) Different air supply temperatures 

 

Figure 9. Simulated mean TRR vs. actual TRR 

 

Table 1. CFD simulation results 
 

Working condition ts (℃) Qs (L/s) Qf (L/s) 
Case 

H800 H1100 H1400 H1700 H2000 

1 21 50 6.5 1.1 2.1 3.1 4.1 5.1 

2 23 20 6.5 1.2 2.2 3.2 4.2 5.2 

3 23 50 6.5 1.3 2.3 3.3 4.3 5.3 

4 23 80 6.5 1.4 2.4 3.4 4.4 5.4 

5 23 110 6.5 1.5 2.5 3.5 4.5 5.5 

6 23 50 0 1.6 2.6 3.6 4.6 5.6 

7 23 50 13 1.7 2.7 3.7 4.7 5.7 

8 25 50 6.5 1.8 2.8 3.8 4.8 5.8 

9 27 50 6.5 1.9 2.9 3.9 4.9 5.9 
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Figure 9 compares the simulated TRR with the actual TRR. 

ASH=800mm and ASH=1,100mm had higher mean TRR than 

the other three ASHs. Under these two ASHs, the TRR rose 

sharply with the growing air supply speed. By contrast, the 

TRR remained low under any of the other three ASHs. Besides, 

the change of mean TRR comes from the air supply 

temperature variation with ASHs. The rising air supply 

temperature helps to suppress TRR. 

 

 
(a) Different air supply speeds 

 
(b) Different air supply temperatures 

 

Figure 10. Simulated EUF vs. actual EUF 

 

Figure 10 compares the simulated EUF with the actual EUF. 

Under different air supply volumes and temperatures, 

ASH=800mm and ASH=1,100mm achieved better power 

efficiency than the other ASHs, especially with the rise of air 

supply volume. The reason is that, at a low ASH, a high air 

supply volume brings lots of cold air to cool down the 

occupied area. When the ASH was 2,000mm, the area needed 

to be cooled with a huge amount of cold air. 

To sum up, AE is affected by the volume of air supply and 

that of fresh air; TRR and EUF depend on the temperature and 

volume of air supply. As the air supply speed accelerated from 

20 to 110L/s, the EUF increased by 1.19 under ASH=8,00mm, 

and dropped by 0.18 under ASH=2,000mm. When ASH was 

800mm, a higher volume of air supply brought a higher TRR 

in the occupied area, indicating that TRR is negatively 

correlated with air supply volume. By contrast, the growth of 

air supply volume led to a higher EUF, i.e., better power 

efficiency. 

 

5.2 Overall utility assessment 

 

The overall utility of the ACS cannot be fully assessed with 

a single index. Thus, the comprehensive evaluation tool 

TOPSIS was introduced to assess the overall utility of the ACS 

with all the three indices through the following steps: 

Step 1. Normalize the original values of the three indices in 

each case; 

Step 2. Multiply the normalized values with the 

corresponding index weights; 

Step 3. Obtain a positive ideal solution to each case on the 

basis of the weighted values; 

Step 4. Sort the cases by the positive ideal solutions. 

The ranking of a case is positively correlated with the 

similarity score, and the overall utility of the case [17]. 

Index weighting is a key link of TOPSIS. For the ACS, the 

weight reflects the importance of each index in the assessment 

of overall utility of the system. Here, each index is weighed 

both objectively and subjectively (Table 2). 

 

Table 2. Index weights 

 

Weighing method Importance ranking 
Weights 

AE TRR EUF 

Objective Entropy -  - 0.55 0.4 0.05 

Subjective Analytic hierarchy process (AHP) 

AV1 AE>TRR>EUF 0.54 0.3 0.16 

AV2 AE>EUF>TRR 0.54 0.16 0.3 

AD1 TRR>AE>EUF 0.3 0.54 0.16 

AD2 TRR>EUF>AE 0.16 0.54 0.3 

AE1 EUF>AE>TRR 0.3 0.16 0.54 

AE2 EUF>TRR>AE 0.16 0.3 0.54 

  

Inspired by entropy theory [18], each index was weighed by 

the reciprocal of its divergence. As shown in Table 2, AE and 

TRR had much greater weights than EUF, that is, the former 

two change much more violently than EUF. Hence, the 

variation of EUF was ignored. 

The subjective approach is AHP [19], which transforms 

natural thoughts into a clear process, using a relational scale. 

Each level of the scale represents a degree of importance. Here, 

each index is rated by multiple respondents. Therefore, six 

importance levels were designed for each of the three indices. 

Table 2 lists the weights of the indices under each level. 

The importance of the three indices under all six levels was 

synthetized into a matrix of three rows and three columns 

(Table 3). The largest eigenvalue of the matrix corresponds to 

the eigenvector (0.847, 0.466, 0.257). Based on the 

eigenvector, the weights of AE, TRR, and EUF were derived 

as 0.54, 0.30, and 0.16, respectively. 

 

Table 3. Matrix at importance level AV1 

 
Index AE TRR EUF 

AE 1(AE/AE) 1(AE/TRR) 3(AE/EUF) 

TRR 1/2(TRR/AE) 1(TRR/TRR) 2(TRR/EUF) 

EUF 1/3(EUF/AE) 1/2(EUF/TRR) 1(EUF/EUF) 

 

5.2.1 Overall utility in each case 

Table 4 sorts the cases by the similarity score obtained 

through TOPSIS. Under most conditions, Case 2.7 was the 

1176



 

best case, thanks to its good aeration performance and 

excellent power efficiency. But the temperature regulation of 

the case for AD2 was merely acceptable. 

The EUF had a very small weight, according to the entropy 

theory. The small weight weakens the superiority in power 

efficiency at ASH=800mm and 1,100mm. The ranking was 

relatively low in the two cases, owing to the relatively high 

risk. 

AHP results suggest that the overall utility of the cases 

varied with priorities. For AV2, ASH=800mm and 1,100mm 

ranked high by their ideal results of AE and EUF. As shown 

in Figure 10, Cases 1.4, 1.5, 2.7, and 2.9 achieved relatively 

good aeration performance and high ranking, with large 

volumes of fresh air and air supply. 

Moreover, the high-ranking cases were not greatly 

influenced by TRR or EUF, namely, Cases 1.5 and 2.7. The 

overall ranking for AV1 and AV2 was very similar. For AD1 

and AD2, the overall ranking was high for ASHs with low air 

supply volume or high ASHs with low TRR, such as Cases 1.2, 

2.2., 3.2, 4.2, and 5.2. 

Furthermore, the changes in the relative importance of EUF 

may greatly affect the overall ranking. Taking Case 2.7 for 

example, the overall ranking for AD1 was 1 and that for AD2 

was 31. This is because the superiority of AE could not make 

up for the defect of TRR, when AE has a low weight. 

For AE1 and AE2, the overall ranking of the cases hinges 

on the second index. When TRR was less important than AE, 

high rankings were achieved by the cases with ASH=800mm 

or ASH=1,100mm, or with a high fresh air speed. When TRR 

was more important than AE, high rankings were achieved by 

the cases with a small air supply volume, and a large ASH, 

such as Cases 1.2, 2.2, 3.2, 4.2 and 5.2. 

 

5.2.2 Overall utility under each ASH 

To assess the overall utility of the ACS under each ASH, 

the similarity of all the cases was averaged under each ASH 

(Figure 11). 

As shown in Figure 11, following the entropy method, the 

mean similarities were close to each other under the five ASHs, 

and the greatest mean similarity was observed under 

ASH=800mm; following the AHP, the mean similarity varied 

with importance levels.  

When AE was the most important index (AV1 and AV2), 

ASH=800mm and 1,100mm achieved higher mean similarities 

than the other ASHs, owing to their excellent ventilation 

effects. In particular, TRR was the least important index for 

AV2. In this case, the advantage of ASH=800mm and 

1,100mm in mean similarity was exceedingly prominent over 

the other ASHs. This is because the two ASHs suppresses the 

negative effect of TRR. 

When TRR was the most important index (AD1 and AD2), 

ASH=1,400mm, 1,700mm, and 2,000mm achieved relatively 

high mean similarities, for their TRRs were rather small.   

 

Table 4. Similarity ranking of cases 

 

ASH Case number Entropy 
AHP 

AV1 AV2 AD1 AD2 AE1 AE2 

H800 

1.1 36 36 21 36 37 23 38 

1.2 7 9 19 4 3 20 8 

1.3 27 23 14 30 30 14 22 

1.4 4 4 3 42 43 3 24 

1.5 2 2 2 43 44 2 31 

1.6 35 37 32 32 32 25 28 

1.7 3 3 4 3 22 4 3 

1.8 18 16 13 20 21 13 11 

1.9 13 11 12 12 11 12 4 

H1100 

2.1 43 41 17 41 41 15 42 

2.2 12 15 22 7 5 22 9 

2.3 25 14 6 38 39 8 25 

2.4 42 29 9 44 42 6 37 

2.5 45 38 10 45 45 9 45 

2.6 41 39 15 40 40 11 34 

2.7 1 1 1 1 31 1 1 

2.8 21 12 8 23 35 7 13 

2.9 5 5 5 24 27 5 2 

H1400 

3.1 44 45 44 39 38 42 43 

3.2 10 13 20 6 4 21 7 

3.3 39 42 41 35 34 37 39 

3.4 33 35 40 25 20 43 35 

3.5 19 22 29 14 10 28 16 

3.6 38 43 42 34 33 38 40 

3.7 11 6 7 23 28 10 20 

3.8 32 31 31 27 24 27 23 

3.9 20 20 23 15 13 18 10 

H1700 

4.1 40 44 43 37 36 45 44 

4.2 8 10 18 5 2 19 6 

4.3 34 34 33 29 25 34 32 

4.4 17 21 30 13 9 31 17 

4.5 26 28 37 19 17 39 30 

4.6 37 40 45 31 29 44 41 

4.7 28 25 24 28 26 32 36 

4.8 22 24 28 18 16 30 19 

4.9 16 19 25 11 8 24 12 
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For AE1, ASH=800mm and 1,100mm achieved relatively 

high mean similarities, by virtue of their good AE and power 

efficiency. For AE2, it is hard to tell which ASH led to the 

optimal performance, because the five ASHs had very close 

mean similarities. For instance, a TRR was generated under 

ASH=800mm and 1,100mm, despite their good AE and power 

efficiency. In the other three ASHs, the low TRRs were 

realized at the cost of poor AE and power efficiency. Overall, 

when AE is the second important index, the ACS performance 

is roughly the same under all ASHs. 
 

 
 

Figure 11. Mean similarity of all cases under each ASH 

 

 

6. CONCLUSIONS 

 

(1) When AE is the most important index, the overall utility 

of the ACS can be optimized under the following parameter 

combination: ASH=1,100mm; air supply temperature, 23℃; 

air supply volume, 50L/s; fresh area volume, 13L/s.  

(2) When the index weights are determined by entropy 

method (objective approach), the overall utility of the ACS 

improves with the decrease of ASH; when the weights are 

determined by AHP (subjective approach), the overall utility 

of the ACS varies with the importance levels of the three 

indices: If TRR is the most important index, the system 

performance will improve with ASH; if AE or EUF is the most 

important index, the system performance will improve with 

the reduction of ASH. 

(3) The authors introduced TOPSIS to assess the ACS 

performance at each of the five ASHs under various working 

conditions, and discovered that the performance ranking 

depends on index weights. In particular, when AHP is adopted, 

the index weights are greatly affected by the preference of 

evaluators. The evaluated performance of the ACS will change 

with the different index weights assigned by different 

evaluators. 
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