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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Building ventilation systems are equipped to improve indoor air quality (IAQ) through bringing in the non-polluted 
outdoor air for occupants. Carbon dioxide (CO2) concertation level serves as one of the most critical indicators for 
IAQ and occupancy to control ventilation systems. Many control strategies (such as ASHRAE standard 62.1) utilize 
CO2 concertation to determine the necessarily supplied air amount in building space. However, many studies suggest 
that due to the CO2’s mixed dual functions in indicating IAQ and occupancy, a large discrepancy is observed between 
the CO2 estimated occupancy and actual occupancy, especially in space with multiple zones. These estimation errors 
not only result in inefficient control response but also wasted fan power in unoccupied space. To solve those problems, 
this study utilized indoor positioning system (IPS) to detect occupancy and select the critical zones. The proposed 
control strategy calibrates the outdoor air flow based on detected zone occupancy. To validate the proposed strategy, 
this study compared the outcomes with conventional pure CO2 based control strategy. The simulation results suggest 
the proposed method could achieve acceptable CO2 concentration under 1000ppm for most zones and over 25% 
energy saving from primary fans and cooling coil during a sample weekday and a sample weekend day. 
© 2017 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the scientific committee of the 9th International Conference on Applied Energy. 
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1. Introduction 

Recent studies report that most people on average spend 90% time in buildings [1]. Indoor air quality (IAQ) has 
been considered as an urgent and essential issue for occupants’ health. Carbon dioxide, as the major ingredient of 
exhausted air, is the most frequent indoor air contaminant. A high carbon dioxide concentration will negatively affect 
human normal respiration and reduce the concentration of oxygen, which result in asphyxiation except dizziness and 
sleepiness [2]. Ventilation is the major solution for IAQ issue by introducing non-polluted outdoor air throughout 
buildings. Since ventilation systems have a high energy demand in order to maintain the healthy level of IAQ in 
buildings, energy cost of ventilation systems becomes one of the most important design and operation considerations 
[3]. Many efforts have been investigated on outdoor air control to improve IAQ and minimize building energy 
consumption [4–7]. One of the most popular strategy is to fix minimum outdoor air rate or fix minimum outdoor air 
percentage [8]. However, since ventilation load varies when occupancy changes, energy could be wasted when outdoor 
air requirement is significantly lower than the provided outdoor air flow. In recent years, CO2-based demand-
controlled ventilation (CO2-based DCV) becomes the most popular control strategies and has been implemented in 
many modern buildings. These strategies adjust outdoor air flow rate based on CO2 concentration level in a zone. 
Hesaraki et al. [9] discussed the influence of different ventilation levels on indoor air quality and energy savings by 
placing CO2 sensors in the exhaust duct in a single-family house and showed 43% energy of ventilation fan and 
heating could be saved. Wang et al. [10–12] developed on-site experiments and several dynamic ventilation control 
methods to improve the ventilation strategy in multi-zone space, as discussed in ASHRAE Standard 62-2001 [13]. In 
order to find out appropriate outdoor air ratio for one single zone or multi-zones, CO2 concentration level is pivotal 
in determining indoor occupant count level and valve actuation. CO2 concentration is a common indicator to profiling 
occupancy and then determining outdoor air amount under requirement for per occupant and per area. Also, it is used 
as the operational threshold to adjust valve of outdoor air duct in aim of reducing CO2 concentration to acceptable 
level with the help from the sensors installed at return/supply air ducts. However, using CO2 as occupancy indicator 
subjects to several limitations. The uneven distribution and delay of CO2 concentration could estimate occupancy 
profiles wrongly and deteriorate ventilation system performance, even if the control strategy is properly designed. On 
the other hand, the selection of critical zone would significantly influence the detected and estimated occupants’ 
number, which is used to determining outdoor air fraction and system operation. In many existing strategy, critical 
zone, which requires highest fraction of outdoor air among all zones based on ASHRAE standard, is used to determine 
the setting points for the air flow rate. However, dynamic occupancy load varying in each zone might undulate the 
selection of critical zone, temporary high ventilation load could exaggerate the energy consumption and result in over 
ventilation. In this research, the Wi-Fi probe and Bluetooth Low Energy (BLE) approach is utilized to capture the 
dynamic occupancy by zones. Given the unique device identification and the developed filtering algorithm, mobile 
devices can be used to count the number of occupants and determine the air flow setting points[14]. With the detected 
occupancy and CO2 concertation in multi zones, a control strategy is proposed in this study to identify proper critical 
zone and optimize system operation. 

2. Methodology 

2.1. CO2 concentration and outdoor air fraction 

In conventional strategy, the ventilation rate in multi zone space, where the recirculating systems serve more than 
one room, is suggested by ASHRAE Standard 62.1 2010 and calculated through multiple spaces equations. The 
ventilation setting requires a people-based term (to dilute contaminants that created by people and their activities) and 
an area-based term (to dilute contaminants from non-occupant-related sources that related to floor area and building 
structures). For a breathing zone (𝑧𝑧, 𝑖𝑖), the outdoor airflow is determined in accordance with Eq. 1 as function of the 
number of zone occupants 𝑃𝑃𝑧𝑧 and the zone floor area 𝐴𝐴𝑧𝑧: 

𝑉𝑉𝑜𝑜𝑜𝑜.𝑧𝑧,𝑖𝑖 = 𝑅𝑅𝑝𝑝 ∗ 𝑃𝑃𝑧𝑧,𝑖𝑖 + 𝑅𝑅𝑜𝑜 ∗ 𝐴𝐴𝑧𝑧,𝑖𝑖  (1) 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2017.12.573&domain=pdf
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Where 𝑅𝑅𝑝𝑝  and  𝑅𝑅𝑎𝑎 are required outdoor air flow for one person and per area, respectively. 𝑅𝑅𝑝𝑝  and 𝑅𝑅𝑎𝑎  are 
recommended by ASHRAE Standard 62.1 based on the occupancy type. 𝑉𝑉𝑜𝑜𝑎𝑎.𝑧𝑧,𝑖𝑖 and 𝑉𝑉𝑠𝑠𝑎𝑎,𝑧𝑧,𝑖𝑖 are outdoor air flow rate 
and supply air flow rate. In a single zone space, the outdoor air fraction can be calculated with Eq. 2.  

𝑋𝑋𝑧𝑧,𝑖𝑖 = 𝑉𝑉𝑜𝑜𝑜𝑜,𝑧𝑧,𝑖𝑖
𝑉𝑉𝑠𝑠𝑜𝑜,𝑧𝑧,𝑖𝑖

  (2) 

In a typical VAV system, it is assumed that the CO2 only came from occupants’ metabolism and outdoor air. 𝑆𝑆 
represent CO2 generation from occupant and  𝐶𝐶𝑜𝑜 are kept constant to represent CO2 that came from outdoor air. 𝑉𝑉𝑟𝑟𝑜𝑜𝑜𝑜𝑟𝑟 
is the volume of room. For most mechanical system the sensors are installed at return air ducts, therefore, it is usually 
use the CO2 concentration at return air duct as the CO2 concentration level at breathing level. The variation of CO2 
concentration level over time in one zone can be represent as mass balance equation as Eq. 3. 

𝑉𝑉𝑟𝑟𝑜𝑜𝑜𝑜𝑟𝑟
𝑑𝑑𝐶𝐶𝑧𝑧,𝑖𝑖 (𝑡𝑡)

𝑑𝑑𝑡𝑡 = 𝑉𝑉𝑜𝑜𝑎𝑎,𝑧𝑧,𝑖𝑖𝐶𝐶0 + 𝑃𝑃𝑧𝑧,𝑖𝑖 ∗ 𝑆𝑆 − 𝑉𝑉𝑜𝑜𝑎𝑎,𝑧𝑧,𝑖𝑖 ∗ 𝐶𝐶𝑧𝑧,𝑖𝑖   (3) 

𝐶𝐶𝑧𝑧,𝑖𝑖 is the indoor CO2 concentration at the steady-state condition. 

𝐶𝐶𝑧𝑧,𝑖𝑖 = 𝑃𝑃𝑧𝑧,𝑖𝑖∗𝑆𝑆
𝑉𝑉𝑜𝑜𝑧𝑧,𝑖𝑖

+ 𝐶𝐶𝑜𝑜 = 𝑃𝑃𝑧𝑧,𝑖𝑖∗𝑆𝑆
𝑉𝑉𝑠𝑠,𝑖𝑖∗𝑋𝑋𝑧𝑧,𝑖𝑖

+ 𝐶𝐶𝑜𝑜  (4) 

As recommended in ASHRAE standard 62.1, setting point for multi-zone ventilation is vital to consider different 
requirements of all zones, especially of the critical zone, which requires the most outdoor fresh air. For all zones, the 
total supply air flow rate and required outdoor air flow rate can be expanded as Eq. 5. 

𝑉𝑉𝑜𝑜,𝑡𝑡𝑜𝑜𝑡𝑡 = ∑ 𝑉𝑉𝑜𝑜,𝑧𝑧,𝑖𝑖𝑖𝑖 = ∑ 𝑅𝑅𝑝𝑝 ∗ 𝑃𝑃𝑧𝑧,𝑖𝑖 + 𝑅𝑅𝑎𝑎 ∗ 𝐴𝐴𝑧𝑧,𝑖𝑖𝑖𝑖    (5) 

Then, the uncorrected fraction of outdoor air flow rate could be formatted as Eq. 6.  

𝑋𝑋𝑢𝑢𝑢𝑢𝑢𝑢𝑜𝑜𝑟𝑟𝑟𝑟𝑢𝑢𝑢𝑢𝑡𝑡 = 𝑉𝑉𝑜𝑜,𝑡𝑡𝑜𝑜𝑡𝑡
𝑉𝑉𝑠𝑠,𝑡𝑡𝑜𝑜𝑡𝑡

  (6) 

The fraction of outdoor air flow rate for critical zone is defined as Eq. 7. 

𝑋𝑋𝑢𝑢𝑟𝑟𝑖𝑖𝑡𝑡𝑖𝑖𝑢𝑢𝑎𝑎𝑐𝑐1 = 𝑚𝑚𝑚𝑚𝑚𝑚{𝑋𝑋𝑧𝑧,𝑖𝑖} = 𝑚𝑚𝑚𝑚𝑚𝑚 {𝑉𝑉𝑜𝑜,𝑧𝑧,𝑖𝑖
𝑉𝑉𝑠𝑠,𝑧𝑧,𝑖𝑖

}  (7) 

2.2. IPS-calibrated multi-zone control strategy 

As shown in Eq.1 and Eq. 5, the actual occupancy information is crucial to determine the critical zone and 
uncorrected outdoor air ratio. The conventional CO2 approach to capture occupancy often results in great discrepancy 
with real-time and actual demand of occupants and space. Therefore, when using CO2 concentration to control 
ventilation systems, it is necessary to properly design several inputs. (1). Occupancy schedule: demand-based control 
require ventilation rate should satisfy occupants’ demand. (2) Time-delay characteristic: CO2 concentration level 
won’t vary immediately when occupancy changes. (3) The selection of critical zone. Critical zone is typically the 
worst scenario among zones. However, when occupancy load of critical zone lasts for a short time or the requirement 
of outdoor air flow rate in critical zone is much higher than that of other zones, inappropriate critical zone selection 
could results in large energy waste.  

This work utilizes a dynamic occupancy detection method through Wi-Fi probe and BLE network. Fig. 1 illustrates 
the coupled indoor positioning system and air handling unit (AHU). Wi-Fi probe (Cloud Beacon in Fig. 1) could detect 
Wi-Fi requests and responses from access points and taking the unique device index as identity of occupants. Fig. 2 
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shows the occupancy profile detected by the IPS system (Detected Occupancy) and actual occupancy through camera 
records (Counted Occupancy). 

 

 
Fig. 1. Coupled indoor positioning system and AHU system. 

 

 
Fig. 2. The occupancy profiles detected by IPS system. 

To determine the operational fraction of outdoor air, the proposed control strategy utilized the top two critical zones 
(the number of critical zones can be increased based the total number of zones). Since the single critical zone could 
vary fast in a short period, the outcome of the proposed critical zones are relatively stable and will not significantly 
higher than other zones. If the outdoor air requirement in the first and second critical zone has insignificant difference, 
the fraction 𝑋𝑋 from Eq. 8 would be close to maximum requirement in the first critical zone. 

𝑋𝑋𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 = 𝑚𝑚𝑚𝑚𝑚𝑚 {𝑆𝑆𝑆𝑆𝑆𝑆(𝑋𝑋𝑧𝑧,𝑐𝑐) − 𝑋𝑋𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐1}  (8) 

Therefore, the outdoor air fraction could be corrected as 

𝑍𝑍 = 1
2 (𝑋𝑋𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐1 + 𝑋𝑋𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2)  (9) 
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Where 𝑅𝑅𝑝𝑝  and  𝑅𝑅𝑎𝑎 are required outdoor air flow for one person and per area, respectively. 𝑅𝑅𝑝𝑝  and 𝑅𝑅𝑎𝑎  are 
recommended by ASHRAE Standard 62.1 based on the occupancy type. 𝑉𝑉𝑜𝑜𝑎𝑎.𝑧𝑧,𝑖𝑖 and 𝑉𝑉𝑠𝑠𝑎𝑎,𝑧𝑧,𝑖𝑖 are outdoor air flow rate 
and supply air flow rate. In a single zone space, the outdoor air fraction can be calculated with Eq. 2.  

𝑋𝑋𝑧𝑧,𝑖𝑖 = 𝑉𝑉𝑜𝑜𝑜𝑜,𝑧𝑧,𝑖𝑖
𝑉𝑉𝑠𝑠𝑜𝑜,𝑧𝑧,𝑖𝑖

  (2) 

In a typical VAV system, it is assumed that the CO2 only came from occupants’ metabolism and outdoor air. 𝑆𝑆 
represent CO2 generation from occupant and  𝐶𝐶𝑜𝑜 are kept constant to represent CO2 that came from outdoor air. 𝑉𝑉𝑟𝑟𝑜𝑜𝑜𝑜𝑟𝑟 
is the volume of room. For most mechanical system the sensors are installed at return air ducts, therefore, it is usually 
use the CO2 concentration at return air duct as the CO2 concentration level at breathing level. The variation of CO2 
concentration level over time in one zone can be represent as mass balance equation as Eq. 3. 

𝑉𝑉𝑟𝑟𝑜𝑜𝑜𝑜𝑟𝑟
𝑑𝑑𝐶𝐶𝑧𝑧,𝑖𝑖 (𝑡𝑡)

𝑑𝑑𝑡𝑡 = 𝑉𝑉𝑜𝑜𝑎𝑎,𝑧𝑧,𝑖𝑖𝐶𝐶0 + 𝑃𝑃𝑧𝑧,𝑖𝑖 ∗ 𝑆𝑆 − 𝑉𝑉𝑜𝑜𝑎𝑎,𝑧𝑧,𝑖𝑖 ∗ 𝐶𝐶𝑧𝑧,𝑖𝑖   (3) 

𝐶𝐶𝑧𝑧,𝑖𝑖 is the indoor CO2 concentration at the steady-state condition. 

𝐶𝐶𝑧𝑧,𝑖𝑖 = 𝑃𝑃𝑧𝑧,𝑖𝑖∗𝑆𝑆
𝑉𝑉𝑜𝑜𝑧𝑧,𝑖𝑖

+ 𝐶𝐶𝑜𝑜 = 𝑃𝑃𝑧𝑧,𝑖𝑖∗𝑆𝑆
𝑉𝑉𝑠𝑠,𝑖𝑖∗𝑋𝑋𝑧𝑧,𝑖𝑖

+ 𝐶𝐶𝑜𝑜  (4) 

As recommended in ASHRAE standard 62.1, setting point for multi-zone ventilation is vital to consider different 
requirements of all zones, especially of the critical zone, which requires the most outdoor fresh air. For all zones, the 
total supply air flow rate and required outdoor air flow rate can be expanded as Eq. 5. 

𝑉𝑉𝑜𝑜,𝑡𝑡𝑜𝑜𝑡𝑡 = ∑ 𝑉𝑉𝑜𝑜,𝑧𝑧,𝑖𝑖𝑖𝑖 = ∑ 𝑅𝑅𝑝𝑝 ∗ 𝑃𝑃𝑧𝑧,𝑖𝑖 + 𝑅𝑅𝑎𝑎 ∗ 𝐴𝐴𝑧𝑧,𝑖𝑖𝑖𝑖    (5) 

Then, the uncorrected fraction of outdoor air flow rate could be formatted as Eq. 6.  

𝑋𝑋𝑢𝑢𝑢𝑢𝑢𝑢𝑜𝑜𝑟𝑟𝑟𝑟𝑢𝑢𝑢𝑢𝑡𝑡 = 𝑉𝑉𝑜𝑜,𝑡𝑡𝑜𝑜𝑡𝑡
𝑉𝑉𝑠𝑠,𝑡𝑡𝑜𝑜𝑡𝑡

  (6) 

The fraction of outdoor air flow rate for critical zone is defined as Eq. 7. 

𝑋𝑋𝑢𝑢𝑟𝑟𝑖𝑖𝑡𝑡𝑖𝑖𝑢𝑢𝑎𝑎𝑐𝑐1 = 𝑚𝑚𝑚𝑚𝑚𝑚{𝑋𝑋𝑧𝑧,𝑖𝑖} = 𝑚𝑚𝑚𝑚𝑚𝑚 {𝑉𝑉𝑜𝑜,𝑧𝑧,𝑖𝑖
𝑉𝑉𝑠𝑠,𝑧𝑧,𝑖𝑖

}  (7) 

2.2. IPS-calibrated multi-zone control strategy 

As shown in Eq.1 and Eq. 5, the actual occupancy information is crucial to determine the critical zone and 
uncorrected outdoor air ratio. The conventional CO2 approach to capture occupancy often results in great discrepancy 
with real-time and actual demand of occupants and space. Therefore, when using CO2 concentration to control 
ventilation systems, it is necessary to properly design several inputs. (1). Occupancy schedule: demand-based control 
require ventilation rate should satisfy occupants’ demand. (2) Time-delay characteristic: CO2 concentration level 
won’t vary immediately when occupancy changes. (3) The selection of critical zone. Critical zone is typically the 
worst scenario among zones. However, when occupancy load of critical zone lasts for a short time or the requirement 
of outdoor air flow rate in critical zone is much higher than that of other zones, inappropriate critical zone selection 
could results in large energy waste.  

This work utilizes a dynamic occupancy detection method through Wi-Fi probe and BLE network. Fig. 1 illustrates 
the coupled indoor positioning system and air handling unit (AHU). Wi-Fi probe (Cloud Beacon in Fig. 1) could detect 
Wi-Fi requests and responses from access points and taking the unique device index as identity of occupants. Fig. 2 
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shows the occupancy profile detected by the IPS system (Detected Occupancy) and actual occupancy through camera 
records (Counted Occupancy). 

 

 
Fig. 1. Coupled indoor positioning system and AHU system. 

 

 
Fig. 2. The occupancy profiles detected by IPS system. 

To determine the operational fraction of outdoor air, the proposed control strategy utilized the top two critical zones 
(the number of critical zones can be increased based the total number of zones). Since the single critical zone could 
vary fast in a short period, the outcome of the proposed critical zones are relatively stable and will not significantly 
higher than other zones. If the outdoor air requirement in the first and second critical zone has insignificant difference, 
the fraction 𝑋𝑋 from Eq. 8 would be close to maximum requirement in the first critical zone. 

𝑋𝑋𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 = 𝑚𝑚𝑚𝑚𝑚𝑚 {𝑆𝑆𝑆𝑆𝑆𝑆(𝑋𝑋𝑧𝑧,𝑐𝑐) − 𝑋𝑋𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐1}  (8) 

Therefore, the outdoor air fraction could be corrected as 

𝑍𝑍 = 1
2 (𝑋𝑋𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐1 + 𝑋𝑋𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2)  (9) 
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Where, 𝑋𝑋𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐1 is the maximum outdoor air fraction required in critical zone 1 (first critical zone) and 𝑋𝑋𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 
is the second maximum outdoor air fraction required in critical zone 2 (second critical zone). Therefore, corrected 
outdoor air fraction could be formatted: 

𝑋𝑋 = 𝑋𝑋𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢
1+𝑋𝑋𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢−𝑍𝑍  (10) 

3. Results 

Under the conventional strategy, the ventilation rate is determined based on Eq.10 and 7; while the proposed 
ventilation strategy adjusts the ventilation rate based on Eq. 10 and 9. The validation model was developed with 
Trnsys, a control system design platform for building facilities. The simulated model compared four scenarios. The 
outdoor air CO2 concentration was kept as 360ppm and the generation rates of CO2 by one occupant were set as 5x10-

6 m3/s. All seven zones in the model were simulated for two days (one weekday and one weekend) from 08:00 am to 
23:00 pm. 

 

 
Fig. 3. The CO2 concentration under (a) conventional strategy and (b) the proposed strategy on a weekday. 

 

 
Fig. 4. The CO2 concentration under (a) conventional strategy and (b) the proposed strategy on a weekend day. 

 
The Fig. 3 shows the CO2 concentration level in all zones under the conventional strategy and the proposed strategy 

on a weekday. It can be found that zone 3 and 6 are the critical zones through the most time. The total outdoor air flow 
rate required under the conventional strategy is about 170 m3/s for the whole day. The suggested IAQ requires CO2 
concentration lower than 1000 ppm for all seven zones. Under the proposed strategy, the total outdoor air flow rate is 
about 127 m3/s. As shown in Fig.3(b), the CO2 concentration level in critical zone 6 is a higher than the suggested 
1000 ppm for a short period and in other zones the CO2 concentration is lower than the 1000 ppm threshold for the 
whole period. Based on operation power of primary fan and cooling coil of outdoor air, the proposed strategy could 
save about 25.2% of energy consumption when compared to conventional strategy. For a weekend day in Fig. 4, the 
demand-based outdoor air flow rate based on conventional strategy is about totally 137 m3/s. Fig.4 reveals that in 
most time of the day, CO2 concentration level in all zones are maintained under 1000ppm in both methods. The 
required outdoor air amount in proposed strategy is about 98.9 m3/s. The proposed strategy could save energy about 
27.2% for primary fan and cooling coil of outdoor air when compared with conventional strategy. 
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4. Conclusion 

This study proposed a control strategy based on IPS-calibrated occupancy for multi-zone space. Different from 
conventional CO2 based strategy, this study utilized the calibrated occupancy information to select top two critical 
zones for outdoor air flow rate setting. Compared with the current multi-zone equation method, the proposed method 
archived about 25.2% and 27.2% of energy saving in primary fan and cooling coil in the simulation tests. 
 

Acknowledgements 

The work described in this paper was sponsored by the project JCYJ20150518163139952 and 
JCYJ20150318154726296 of the Shenzhen Science and Technology Funding Programs. Any opinions, findings, 
conclusions, or recommendations expressed in this paper are those of the authors and do not necessarily reflect the 
views of the Science Technology and Innovation Committee of Shenzhen. 

References 

[1] P. Höppe, Different aspects of assessing indoor and outdoor thermal comfort, Energy Build. 34 (2002) 661–665. doi:10.1016/S0378-
7788(02)00017-8. 

[2] T.-C. Yu, C.-C. Lin, C.-C. Chen, W.-L. Lee, R.-G. Lee, C.-H. Tseng, S.-P. Liu, Wireless sensor networks for indoor air quality 
monitoring, Med. Eng. Phys. 35 (2013) 231–235. doi:10.1016/j.medengphy.2011.10.011. 

[3] C. Chang, J. Zhao, N. Zhu, Energy saving effect prediction and post evaluation of air-conditioning system in public buildings, Energy 
Build. 43 (2011) 3243–3249. doi:10.1016/j.enbuild.2011.08.025. 

[4] T. Lu, X. Lü, M. Viljanen, A novel and dynamic demand-controlled ventilation strategy for CO2 control and energy saving in 
buildings, Energy Build. 43 (2011) 2499–2508. doi:10.1016/j.enbuild.2011.06.005. 

[5] T.R. Nielsen, C. Drivsholm, Energy efficient demand controlled ventilation in single family houses, Energy Build. 42 (2010) 1995–
1998. doi:10.1016/j.enbuild.2010.06.006. 

[6] B.J. Wachenfeldt, M. Mysen, P.G. Schild, Air flow rates and energy saving potential in schools with demand-controlled displacement 
ventilation, Energy Build. 39 (2007) 1073–1079. doi:10.1016/j.enbuild.2006.10.018. 

[7] J. Laverge, N. Van Den Bossche, N. Heijmans, A. Janssens, Energy saving potential and repercussions on indoor air quality of demand 
controlled residential ventilation strategies, Build. Environ. 46 (2011) 1497–1503. doi:10.1016/j.buildenv.2011.01.023. 

[8] N. Nassif, S. Kajl, R. Sabourin, Ventilation Control Strategy Using the Supply CO2 Concentration Setpoint, HVAC&R Res. 11 (2005) 
239–262. doi:10.1080/10789669.2005.10391136. 

[9] A. Hesaraki, J.A. Myhren, S. Holmberg, Influence of different ventilation levels on indoor air quality and energy savings: A case study 
of a single-family house, Sustain. Cities Soc. 19 (2015) 165–172. doi:10.1016/j.scs.2015.08.004. 

[10] Z. Sun, S. Wang, Z. Ma, In-situ implementation and validation of a CO2-based adaptive demand-controlled ventilation strategy in a 
multi-zone office building, Build. Environ. 46 (2011) 124–133. doi:10.1016/j.buildenv.2010.07.008. 

[11] S. Wang, X. Jin, CO2-Based Occupancy Detection for On-Line Outdoor Air Flow Control, Indoor Built Environ. 7 (1998) 165–181. 
doi:10.1159/000024577. 

[12] S. Wang, J. Burnett, H. Chong, Experimental Validation of CO2-Based Occupancy Detection for Demand-Controlled Ventilation, 
Indoor Built Environ. 8 (1999) 377–391. doi:10.1177/1420326X9900800605. 

[13] ASHRAE Standard 62.1. 2007:Ventilation for Acceptable Indoor Air Quality, 2007. 
[14] J. Chen, C. Ahn, Assessing occupants’ energy load variation through existing wireless network infrastructure in commercial and 

educational buildings, Energy Build. 82 (2014) 540–549. doi:10.1016/j.enbuild.2014.07.053. 
 



 Wei Wang  et al. / Energy Procedia 142 (2017) 1842–1847 1847
 Author name / Energy Procedia 00 (2017) 000–000   5 

Where, 𝑋𝑋𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐1 is the maximum outdoor air fraction required in critical zone 1 (first critical zone) and 𝑋𝑋𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 
is the second maximum outdoor air fraction required in critical zone 2 (second critical zone). Therefore, corrected 
outdoor air fraction could be formatted: 

𝑋𝑋 = 𝑋𝑋𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢
1+𝑋𝑋𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢−𝑍𝑍  (10) 

3. Results 
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ventilation strategy adjusts the ventilation rate based on Eq. 10 and 9. The validation model was developed with 
Trnsys, a control system design platform for building facilities. The simulated model compared four scenarios. The 
outdoor air CO2 concentration was kept as 360ppm and the generation rates of CO2 by one occupant were set as 5x10-

6 m3/s. All seven zones in the model were simulated for two days (one weekday and one weekend) from 08:00 am to 
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The Fig. 3 shows the CO2 concentration level in all zones under the conventional strategy and the proposed strategy 

on a weekday. It can be found that zone 3 and 6 are the critical zones through the most time. The total outdoor air flow 
rate required under the conventional strategy is about 170 m3/s for the whole day. The suggested IAQ requires CO2 
concentration lower than 1000 ppm for all seven zones. Under the proposed strategy, the total outdoor air flow rate is 
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save about 25.2% of energy consumption when compared to conventional strategy. For a weekend day in Fig. 4, the 
demand-based outdoor air flow rate based on conventional strategy is about totally 137 m3/s. Fig.4 reveals that in 
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required outdoor air amount in proposed strategy is about 98.9 m3/s. The proposed strategy could save energy about 
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4. Conclusion 

This study proposed a control strategy based on IPS-calibrated occupancy for multi-zone space. Different from 
conventional CO2 based strategy, this study utilized the calibrated occupancy information to select top two critical 
zones for outdoor air flow rate setting. Compared with the current multi-zone equation method, the proposed method 
archived about 25.2% and 27.2% of energy saving in primary fan and cooling coil in the simulation tests. 
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