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Abstract

Current Building Management System (BMS) does not integrate well with real-
time occupant response. In order to fine-tune the system to meet individual demands and
to maximize the occupant acceptance of indoor thermal environment, a new notion of
Bayesian control algorithm was developed in this study. Control parameters of a
weighting function for air temperature control (namely, the control temperature constant
kT and the probable acceptance of the air temperature set-point A) and two prior
distribution functions of air temperature set-point, namely the uniform prior and the
expert’s prior, were examined. Optimum air temperature set-points of air-conditioning
systems obtained from certain Hong Kong offices were then used to demonstrate the
applicability of the new algorithm for controlling an example air temperature set-point
ranged between 0.2°C to 1°C. This algorithm would be useful for adaptive thermal

comfort control in a large, post-occupied air-conditioned space.
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Introduction

An intelligent building management system (BMS) for remote monitoring and
control of indoor environment is always a challenge to engineers. In the 1950s, building
intelligence was simply a building fire alarm system connected to a municipal reporting
system. The fire alarm was tied to a security station system in the 60s while it was
coupled with an airside system to shut down supply air fans in the 70s. The energy crisis
in 1973 triggered increased use of automated energy management systems. It was not
till the 80s that building intelligence, implemented in a BMS designed to provide
building occupants a comfortable, safe and sustainable indoor environment as desired,
became a salient feature of air-conditioned buildings.

Striking the right balance of interests among the government, developers,
engineers and occupants, an effective BMS requires a careful selection of weighting
parameters, input/output pairing, decoupling algorithms, pole placement and stability
conditions. Computerized algorithms, such as proportional integral derivative (PID)
control, fuzzy logic and neural networks, responsive to the indoor environmental
parameters were proposed [1-2]. Although complaints about environmental discomfort
have been reported in many air-conditioned spaces [3-4], none of the instruments
available incorporates records of occupant perception nor integrates real-time occupant
response to fine-tune the building services system to meet individual demands in a
dynamic manner. Ideally, an environmental parameter set-point of the building services
system would be expertly reset in real-time in accordance with the complaints [4-5].

To determine the optimum temperature set-point in a large space, a prior

understanding of Bayesian control algorithm is required. Bayesian algorithm is suitable



for combining various kinds of information pertaining to event occurrence and has been
applied to predict outdoor environmental parameters [6-8]. It was used in this study for
optimizing the acceptance of indoor environment determined from physical
measurements and subjective surveys.

With a long-term survey of occupant perceptions of the set-point temperature in
a typical and large air-conditioned office, a new notion of Bayesian approach to
predicting the indoor environmental comfort setting desired via a single environmental
parameter set-point was proposed for air-conditioned buildings in a humid and
subtropical climate like Hong Kong, while adaptive interface relationship was
determined between occupant complaints and indoor environment [4-5]. The new
approach updates the set-points selected from the minimum predicted percentage
dissatisfaction (PPD) of occupants and enables effective feedback to the occupants. This
study further investigated the control parameters through two prior distribution

functions of air temperature set-point, namely the uniform prior and the expert’s prior.

Adaptive air temperature set-point

The air temperature set-point Ts (°C) of an air-conditioning system for a large
air-conditioned office would be adjusted so that the thermal comfort condition would
satisfy most occupants [4-5,9-14]. Assume that the expected air temperature set-points
are normally distributed, the optimum air temperature set-point T, is the expected value
of the set-points expected by all occupants (n) and approximated by Equation (1) as

shown below, where Ta, (°C) is the optimum air temperature set-point of the system



within certain limits from the preferred cool air temperature Tc¢ (°C) to the preferred

warm air temperature Tn (°C) expected by i occupants,
T =(T)=23T, e
n ,

Design guidelines and codes of practice were used as references to determine the
system air temperature set-points for some pre-occupied offices [10-13]. However,
thermal comfort- related complaints were still reported [4-5]. Defining a complaint
made by an occupant at certain level of satisfaction & and an air temperature set-point Ts
‘Hot” (Ts = T7) or “Cold’ (Ts = T), a temperature weighting function (Figure 1) that
describes the percentage of dissatisfied occupants within an air temperature range is
assumed as follows, where A, set with a minimum PPD between 0.05 and 0.5 for
uniform distribution, is an arbitrarily selected parameter indicating the probability of

acceptance for Ts,

1-n [T <T'T>T
{ -{‘ 57 .0.05<1<0.5 (2

A T>THT,<T"

With an arbitrary constant kr (°C), the boundaries of the weighting function are
defined respectively by the lowest and highest air temperature control limits Tmin (°C)
and Tmax (°C) deviating from the air temperature set-point such that,

T.-T.=T. -T, =k; .. (3)

Assume that the complaint made by an occupant i is a sign of dissatisfaction (to
some extent) among all occupants in the space, then the distribution of the optimum air

temperature set-point T. can be approximated by a normal distribution with mean 0 and

variance ¢, i.€. 'T'S* = (T, 10,06%) ~ N(0,6°). Based on a ‘prior understanding’ of the

optimum air temperature set-point parameterized by the mean v and variance 12, i.e. (0



lv,1?) ~ N(v,t2), as suggested in certain guidelines [6], the posterior distribution of 0

given T, is expressed by,

S
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Using certain distribution function of the expected temperature set-point G(T, )

obtained from the results of thermal comfort studies or field measurements [4,14], the
temperature set-point benchmark by request of an occupant is determined by the
following equation, where BM < 1 and BM = 100 are the lowest and highest desired

temperature set-points of the indicative group of occupants respectively,

BM =100 x TG(TS*)dTS* ... (5)

Review of occupant feedback

Occupant complaints of thermal discomfort (i.e. hot or cold) were recorded in a
typical Hong Kong Grade A office building [4]. This 53-storey building was located in
the central business district, with a 2-storey basement car-park and a total building area
of 70,000 m? designed for 7,500 occupants. These complaint records were collected in
the same period of a thermal comfort survey study in 61 offices, with thermal responses
of 422 occupants were collected in summer and winter of a year. It was noted that the

complaints were recorded in summer and ((not necessary from the interviewed



was measured and the air temperature set-point was professionally adjusted to meet
occupant satisfaction [4]. A total of 183 complaints, of which 113 claiming ‘Hot’ at air
temperature set-points between 22.8°C and 28°C, and 72 “‘Cold’ between 20°C and
22.2°C, were reported within two months of summer period.

By assuming there would be thermal discomfort beyond the desired temperature
set-point range, the probabilities of a “Hot” complaint ¢n and a “‘Cold’ one ¢c were
approximated (p <0.0001),

1
1+exp(2155-95.8T,); T, ¢ T, ... (6)
(I)c =1_¢h

P

The operative temperature, approximately equals the average of air temperature
and mean radiant temperature, is considered an effective temperature in an occupied
space with air velocity less than 0.4 ms=1; and the ‘neutral temperature’ is defined as the
operative temperature which corresponds closest to a mean thermal sensation vote of
zero [12-14]. It was reported that the post-occupied mean expected temperature of the
air-conditioning system was adjusted to 22.8°C to settle all the complaints that summer.
Indeed, not a single complaint was recorded for temperatures set to 21.4°C and 23.6°C

in summer and winter respectively [3-5].

Results and discussions

For Bayesian predictions, a prior understanding of the optimum temperature set-

point is required. Two expressions of prior distribution were considered. The first one,



approximated by a normal distribution, was a uniform prior distribution of air

temperature set-point:

v_TC+Th
= 1 _ 2). B 2 . *
Ts _Th_Tc N(V,T ), rZ:(TC +Th)2 o= Ts =t - (0
12

This prior distribution was N(v=23,1=13.3) for arbitrary set-point limits between 13°C
and 33°C as shown in Figure 2.

The second one was an expert’s prior determined from the PPD for typical office
thermal environment; it was N(v=23.2, t=3.7) as shown in Figure 2.

Based on Fanger’s comprehensive calculation of PPD for an air-conditioned
space [10,14], studies showed that typical air temperature set-points for air-conditioned
offices in Hong Kong could be approximated by a normal distribution with a mean at
23+2°C [4-5]. To demonstrate different responses of the proposed algorithm, this study
took the extreme cases of initial air temperatures set at 17°C and 29°C into account, i.e.
3 standard deviations from the mean set-point or 1% exception in the population. If any
feedback of “‘Hot’ (¢n > ¢c) or ‘Cold” (¢n < ¢c) as described in Equation (6) was reported,
predicted optimum air temperature set-points would be determined. It was expected that,
via Equation (6), the algorithm would reset the air temperature set-point to 22°C-23°C.

Figure 3 shows the predicted air temperature set-points for the two initial air
temperatures and subsequent predictions against a number of occupant feedback entries
J; effects of the two prior distributions with control parameters A (= 0.15 and 0.45) and
kT (= 5°C and 10°C) as shown were examined. The results illustrated that, as expected,
in comparison with the expert’s prior, the uniform prior distribution was associated with

a larger variance and thus a slower convergence of the predicted air temperature set-
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points. For a small number of occupant feedback entries, the prior distribution using
PPD (i.e. the expert’s) was more representative and yielded better predictions. However,
the differences between the two distributions would diminish if the number of entries
was large enough, e.g. >15.

Apparently, both the choices of A and kr demonstrated effects on set-point
adjustment. It was reported that the proposed algorithm would give a rapid response of
large adjustment with a small A yet over-react and fail to attain the ‘target’ air
temperature set-point range (i.e. 22°C-23°C) when the set-point was shifting from *Cold’
to “Hot’. For A = 0.45, nevertheless, the exhibited predictions were excellent after a
number of feedback entries. Hence, with carefully selected control parameters, this
algorithm could be incorporated into some single set-point real-time feedback systems
of adaptive thermal comfort control for large, post-occupied air-conditioned
environments.

Temperature set-point benchmarks meeting occupant feedback were determined
according to the expert’s prior distribution, i.e. G(u,6)~N(23.2,3.7). Example
benchmarks taking A = 0.45 from Figure 3(b) are shown in Figure 4. As expected, the
benchmark would be less than 50 after certain feedback entries because the preferred
temperature set-point of the surveyed office was 22.8°C [4].

An occupant might still respond to a set-point within the ‘target’ range. An
adjustment allowance of ‘not larger than the target range’ was thus enforced to ensure
the system stability. The final set-point adjustments To (°C) were studied using both
prior distributions with various parameters A and kr. Figure 5 shows those adjustments

triggered by at least 20 occupant responses (i.e. j>20) for kt = 5°C-15°C.
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It was reported that the air temperature set-point might ‘surge’ outside the target
range with some A-kr sets. For practical control, a large adjustment is considered
‘inappropriate’. From the results exhibited in Figure 5, an example of small adjustment
To = 0.2°C-1°C illustrated that both A = 0.45 and A = 0.35 in between 5°C and 15°C
would be suitable choices for the two prior functions.

As the air temperature set-point has significant energy impact in air-conditioned
offices of Hong Kong. It was reported that a 2% energy saving in offices adopted a
temperature control of 20°C-25.5°C as compared with offices at the same average air
temperature [15,16]. This was corresponding to an improvement of occupant’s thermal

acceptance of 0.6%, which results would gain in office work productivity [17,18].

Conclusions

Complaints about environmental discomfort have been reported in many air-
conditioned spaces, but none of the systems available integrates well with the real-time
occupant response. For centralized air-conditioning systems with a single temperature
set-point, this study developed a Bayesian control algorithm to optimize air temperature
of a space in accordance with the occupant feedback. This new algorithm maximizes the
occupant acceptance of an indoor thermal environment by making use of the minimum
PPD.

Through the control parameters and two prior distribution functions of air
temperature set-point, namely the uniform prior and the expert’s prior, temperature
control of the algorithm was examined in terms of sensitivity and stability. Application

of the algorithm to certain Hong Kong offices demonstrated that, together with properly
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selected control parameters, effective system feedback could be attained in the form of a
desired temperature set-point ‘benchmark’. This study would be a useful source of

reference in determining the control constants of a system using the HABIT.
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——— Feedback ‘Hot’: Ts=T"
—— Feedback ‘Cold’: Ts=T"

Figure 1: Temperature weighting function
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Figure 2: Expert and uniform prior distribution functions
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