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Abstract 

Energy and cost-efficient management of a buildingôs thermal properties requires heating, 

ventilation and air conditioning (HVAC) systems controllers to be working at optimal settings. 

However, many HVAC systems employ nonlinear time variances to deal with issues that affect 

the systemôs optimal operation. The present work considers an HVAC system at Memorial 

Universityôs S. J. Carew Building which has been mathematically modeled using a state space 

multi-input and multi-output system (MIMO) approach for analyses and control system design. 

An IDA-ICE (Indoor Climate and Energy) simulation program has been applied for modeling the 

building, note that the four-story Carew Building includes an air-handling unit (AHU) on every 

floor. Compared with real data for one yearôs (2016) power consumption, the simulated annual 

power consumption for the building shows good agreement. Based on that data, two scenarios are 

applied for building the system models. Scenario 1 considers the HVAC system as a single unit 

with energy consumption (kWh) as inputs and zonal temperature and CO2 concentrations as 

outputs. By employing the MATLAB system identification toolbox, a MIMO-based system forms 

the basis for a state space model. In the model for Scenario 1, there are eight main AHU inputs 

(hot water power usage and power usage) and eight main outputs (return airflow temperature and 

CO2 levels). The state feedback controller obtains good results for both responses rise time and 

stability. In Scenario 2, there are four AHUs in total. Each of this scenarioôs AHUs features three 

main inputs (hot water, internal-to-internal air flow, and external-to-internal air flow) and three 

main outputs (static air pressure, CO2 levels, and temperature). In the first AHU (AHU1), we apply 

state-of-the-art fuzzy logic controllers (FLCs) to control fan speeds, CO2 concentrations, and 

temperature in the building in accordance with the flow rates for air and hot water. This strategy 

represents a novel approach for adapting FLCs by modifying fuzzy rule using the Simulink. The 
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modified system shows improved levels of thermal comfort. The final part of the work presents 

the design for a supervisor fuzzy logic controller (SFLC) that can be applied to the entire S. J. 

Carew Building HVAC control. This SFLC features 24 inputs and 12 outputs and employs a state-

space model that considers each AHU as an individual system. The SFLC detailed design and 

system simulation results are presented in this thesis. 
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Introduction  and Literature review  

1.1. Introduction   

Energy demand for construction has increased significantly over the last two decades, mainly 

due to emerging market economic growth. This leads to high energy cost and high pollution [1]. To 

overcome these two problems, many studies focus on energy saving and renewable energy production. 

The building's heating, ventilation and air conditioning (HVAC) system provides comfort to residents. 

Since heating and cooling loads change over time, the HVAC control system should provide comfort 

in all cases. Proper control of the system also reduces energy consumption. The HVAC system is also 

responsible for adding fresh air to the building. 

The modern approach to optimizing internal air quality, managing indoor environments and 

lowering operational costs is to install a heating, ventilation and air conditioning (HVAC) system. In 

large commercial and industrial structures, HVAC systems comprise one-third of the power 

consumption [1] -[4].  

The main purpose of installing and using an HVAC system in a structure is to improve the 

usersô ability to control the air quality for factors such as heat and humidity to achieve a comfortable 

interior environment. Nowadays, HVAC systems have become so popular that they account for more 

than half of the worldôs overall energy consumption [5]-[8]. Part of the reason for the increase in 

usage of these systems is their ability to optimize the efficiency of the heating and cooling processes. 

There are other reasons for the increasing use of the HVAC system, such as [64]. 

1.           The HVAC system can continuously improve the air quality by replacing the indoor 

air with fresh air, which is filtered for optimum quality. 

2.           The HVAC system is heated and cooled in one unit. This not only saves installation 

space, installation time, and cost but also reduces the required energy consumption. 
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3.           The system also works with renewable energy, sometimes in the form of solar panels. 

Energy saving is even better because the coolant is not based on chlorine; it damages the ozone layer. 

These systems aim to create an interior environment which highlights energy efficiency, cost 

efficiency, and user comfort, all while mitigating adverse effects that may be caused by large-scale 

energy usage [1]. The ideal approach to maintaining optimal system performance under circumstances 

of changing variables involves applying a control system that is specifically tailored to the structure. 

One approach applies data to develop a mathematical-based HVAC system which uses input/output 

variables for both ascertaining and setting the parameters for the system. The advantage of data-driven 

HVAC systems is that they are easily able to find strategies that will improve and refine the system.  

Although the research shows the promising potential of using simulation software to estimate a 

buildingôs structureôs dynamic response, there are still some challenges inherent in the approach. The 

main issue, beyond the time-consuming nature of the software, is that the results tend to lack crucial 

information on a buildingôs fast dynamic behavior. This lapse in data is caused by the software using 

a discrete time step which is usually set for one-hour time frames. In this case, if data are required 

related to the fast-dynamic behavior of a specific control strategy such as ON/OFF, these data will be 

unobtainable, as they are located within the one-hour time step. Such issues can cause system-wide 

problems and skew results due to data scarcity. 

S. J. Carew building with an interior size of 25,142 m2 is used as a case study. The building is 

located on the campus of Memorial University, St. Johnôs, Newfoundland. There are four individual 

air-handling units (AHUs) in the building. Figure 1.1 shows clearly the apply fan and the heat 

exchanger of the AHU1. There is some reasoning for selecting the S.J.Carew building. The energy 

inefficiency and cost inefficiency comparing with buildings on the campus. The building has four 

AHUs and Four floors that is means each level has AHU separated, although it will be easy to present 

the model as Multi-Input/Multi-Output system with 12 inputs and 12 outputs. 
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Also, there are some issues for heating system such as the valves of some radiators on the third 

floor, some of the rooms in this floor have just one thermostat.  

 

Figure 1.1 Apply fan and the heat exchanger of the AHU1 

Figure 1.2 shows the building of the central heating plant at the campus, which supplies hot water 

for most buildings on campus at temperatures as high as 168 °C by the primary side (red pipes), as 

shown in Figure 3.1. Each building has heat exchangers to reduce the high temperature to 81 °C, 

approximately as shown by the secondary side in the figure. Also, the figure illustrates two return pipes 

(pink pipes). The first one retunes from the building, and another one returns directly from the heat 

exchangers. 
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Figure 1.2  The main campus heating plant 
 

 

Figure 1.3 Main heat exchangers (Convertor 9 and Convertor 10) 
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1.2. Literature review  

1.2.1. Modeling of the system 

In the literature, these models of the HVAC system, which are having the inputs and output 

data classified as system identification (SI) models. Earlier research classified modeling methods as 

either a gray box or a black box. In the grey box approach, pre-existing knowledge was required to 

build the model, whereas none was required for the black box approach. Hence, the black box modeling 

strategy has become more popular with researchers. In relation to HVAC systems, some examples of 

black-box models include polynomial forms (e.g., ARMAX, ARX, OE, and BJ). Despite its ease of 

use, the black box approach often ignores the physical properties of a system and presents design 

problems implemented in a suitable environment. 

There are several examples of black box strategies being employed in recent research. For 

instance, Chi-Man Yiu et al. [9] applied the black box method to air-conditioning systems by 

comparing two ARMAX models. One of the models was a single-input/single-output system, and the 

other was a multi-input/multi-output (MIMO) system. In their MIMO system model, Chi-Man Yiu et 

al. [9] applied parameters obtained from recursive extended least squares calculations. Another 

research group that worked recently with the black box method is Mustafaraj et al.[10], who looked at 

humidity and temperature models (ARMAX, ARX, OE, AND BJ) in commercial office buildings. In 

[11], these same researchers employed nonlinear auto-regressive models (with NARX inputs) to 

measure humidity and temperature levels. They then compared their test results with results from linear 

ARX models. Mustafaraj et al. [11] also investigated how CO2 concentrations impact model 

performance, based on the understanding that a buildingôs occupancy levels are related to CO2 levels. 

In related work, Rabl [12] modeled heat dynamics to perform dynamic analysis of energy consumption, 

while Sonderegger [13] and Boyer et al. [14] did essentially the same thing but using differential 
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equations instead. Note that, in dynamic models, system identification and parameter estimation are 

considered by many researchers to be the self-same process of investigation. 

Recent research points to the validity of applying system identification (SI) as the ideal method 

for energy simulation when the aim is to analyze a buildingôs heating and cooling systems. In [15], 

Lowry and Lee used a data-driven model for estimating thermal response, while in [16], Madsen and 

Holst employed a similar SI strategy, using data from discrete time performance to estimate the heating 

dynamics in a building. In [17], Cunningham used the SI approach to calculate a buildingôs moisture 

release rates according to psychometric data, and Mechaqrane and Zouak in [18]  applied SI to estimate 

air temperature readings in apartment buildings. Other studies compared test models and theoretical 

estimations by employing simulation software (e.g., TRNSYS).  Utilizing a strategy that employed a 

one-hour time step, Peippo et al. in [19]  applied simulation software to estimate a buildingôs dynamics 

based on discrete time results calculated in simulation software. 

The present work employs the grey box approach to model dynamic systems, as this strategy 

allows information on a buildingôs thermal characteristics to be harvested [20]-[22]. In general, grey 

box models use continuous time stochastic differential equations as well as discrete time measurement 

equations. By utilizing performance analysis tools (e.g., IDA-ICE, TRNSYS, HVACSIM+, energy plus 

and eQUEST) set to one hour or fewer timeframes, it is possible to estimate the annual energy 

consumption of a specific HVAC system by applying a set of equations that express the systemôs 

thermal performance. These estimations can be further refined by comparing full- or part-load 

performance results for different design options [23]-[26]. 

A cursory review of the literature shows the evolution of HVAC systems. When the systems 

were first introduced, the modeling focus was on heat and humidity levels [27]-[31]. Then, a nonlinear 

HVAC model based on a temperature/humidity ratio coupled with an observer that gauged 
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thermal/moisture loads was debuted [27], [28], which led to the development of an adaptive fuzzy 

output feedback controller [29] based on the HVAC system observer. Next, researchers built a model 

featuring a decentralized nonlinear adaptive controller [30] as well as a back-stepping controller [31]. 

Subsequent research focused on getting rid of CO2 concentrations in the interior environment, as these 

have negative effects on the general level of user comfort [32], [33]. From these investigations came a 

hybrid HVAC system which could maintain the temperature at contiguous states while dealing with 

CO2 concentrations as discrete states [34], [35]. However, because the continuous and discrete states 

are interdependent, integrating these two dynamics in a model would be the logical next step.  A 

dynamic systemôs current state predicts that systemôs future development, based on interrelated 

variables. Hence, control systems, by aiming for specific control targets, essentially form a stable state 

from a non-linear system. 

1.2.2. Control strategies  

In current AHU unit system design, a strategy known as feedback linearization is used 

extensively [36]-[38]. Utilizing state feedback to develop subsequent system dynamics creates a multi-

input system which is controllable via a linear state model. Feedback control is then developed by way 

of a step-by-step procedure devised according to closed-loop eigenvalues inserted at specific points. 

For more details on this process, please see Chapter 3. The outcome of this development has led to 

intelligent systems, as explained below. 

Intelligent systems form the basis for Building Intelligent Energy Management Systems 

(BIEMS). The primary aim of BIEMS is optimizing energy consumption in a structure while also 

optimizing the structureôs interior comfort levels. In general, BIEMS tend to be used mostly in large 

commercial or industrial buildings (e.g., office towers, hotels, and university facilities) for controlling 

and tracking the structureôs environmental parameters to develop a range of suitable yet cost-effective 
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microclimates. Following the somewhat successful application of conventional control systems in 

BIEMS, intelligent systems have shown enhanced improvement when conventional systems are 

replaced with fuzzy or even neural techniques [39]-[42]. 

Conventional control approaches require the use of a structureôs operations as a mathematical 

model, whereas intelligent systems do not require mathematical or indeed any modeling. Through the 

application of intelligent controllers in a system, there is no need to gauge variables like temperature, 

air speed or humidity [43]. Instead, comfort levels can be chosen by employing optimized fuzzy 

controllers that utilize adaptive control strategies informed by genetic algorithms. The newest furnace 

installations in homes are using fuzzy logic control via adaptive heating control to enhance comfort 

levels while ensuring better energy efficiency and lower costs [44]. Fuzzy controllers have also been 

installed for modulating air flow, with impressive results [45], [46]. 

Although there are many different methods for using fuzzy logic as closed-loop control, fuzzy PI 

controllers are the most popular [47], [48]. This approach employs process-derived measurement 

signals for the fuzzy logic controller (FLC) inputs/outputs to the actuators. Generally speaking, a fuzzy 

PI controller is essentially an incremental controller. Equation (4.1) expresses a traditional fuzzy PI 

controller where fuzzy rules dictate the outputs [49]. For additional details on FLCs, please refer to 

Chapter 4 on the FLC in AHU1. 

Since the introduction of HVAC systems around four decades ago, numerous control approaches have 

been developed in the research and industry for use in various applications (e.g., Honeywell [50]; 

Levenhagen and Spethmann [51]; Wang and Jin [52]; Zaheer-Uddin and Zheng [53]; Hordeski [54]; 

Haines and Hittle [55]; Nassif et al. [56]; Wang [57]). In the developed methods, primary supervisory 

control is especially popular and has been categorized as either model-based or model-free, as well as 

hybrid or performance map-based. In [58], Kanagaraj, Sivashanmugam, and Paramasivam looked at 
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tuning input scaling factors in controllers using parameters based on error and process in closed-loop 

systems. The purpose of their research [58] was to improve the controller's performance for setpoint 

change and load disturbances with the online setting method, which significantly reduced operator 

input. This method uses an intelligent upper-level supervisory fuzzy controller (for introducing suitable 

changes to achieve the main goals of the system) and a lower-level direct fuzzy controller (for providing 

resolutions to issues that might arise).  

A  couple of years later , Soyguder, Servet, Karakose, and Alli [59] applied Simulink as a basis 

for modeling HVAC systems with variable flow-rates. Their fuzzy adaptive controllers, which featured 

self-tuning PIDs for allocating PID parameters in Kp (Proportional gain), Ki (Integral gain), and Kd 

(Derivative gain), performed equally as well as conventional PID or fuzzy-PD type controllers. 

Shepherd and Batty [60] applied a high-level fuzzy supervisor to make control decisions. The goal of 

the strategy was to improve air quality, lower costs, and regulate temperature through the use of a 

modified fuzzy supervisor. Their test results showed the viability of their approach in achieving their 

stated outcomes. 

In [61], Lianzhong and Zaheeruddin developed a non-linear dynamic model to heat water in 

HWDH systems using an intelligent fuzzy logic-based hybrid control approach. The results of the fuzzy 

logic-based PI simulation tests showed improvements in water return temperature, especially when the 

approach included IATP methods in zonal air temperature control. The results also showed that lower 

power consumption led to improved energy savings of around 17%. Improving energy consumption 

was the main aim in research conducted in [62], where Hussain, Sajid, and Gabbar employed GAs to 

tune an FLC. Their test results indicated that their air conditioner provided 15% more energy savings 

than those which used basic ON-OFF controls. Additionally, the discomfort index fell from 91% to 

62%. Finally, researchers in [63] proposed lower- and higher-level controllers, with the lower level 
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being a conventional PID controller and the higher-level being a fuzzy controller that controlled the 

parameters of the lower-level.  

The present research uses a fuzzy control approach for improving energy and cost efficiency as 

well as thermal/air quality comfort levels in an interior environment. Because fuzzy controllers are able 

to collaborate with incomplete control process models, these ñflexibleò fuzzy models enable the 

modeling of non-linear processes, which can then be applied in HVAC systems (which are nonlinear). 

Furthermore, the multi-input/multi-output parameter options in a fuzzy controller are easily controlled. 

1.3. Research objectives 

There are six primary aims in this study.  

1. Our first aim develops a simulation for a whole building, using IDA Indoor Climate and Energy 

4.7 as a simulation program and compare this data with actual data from the Department of 

Facilities Management at Memorial University using the structureôs hot water and power usage 

for the whole year 2016. 

2.  The second aim is to test system identification viability as a means for shortening the calculation 

times needed to simulate more complicated structures in Air Handling Unit One (AHU1).  

3. The third aim is to test the usefulness of system identification in the identification of the dynamic 

for structural climate control design when applying discrete time data for one-hour samples. 

4. The fourth aim is to develop a state feedback controller and then apply it toward the optimal 

functionality of a control system.  

5. Fifth aim to develop fuzzy logic controller FLC structures that feature six inputs and three outputs 

and use this to develop a controller in an AHU1 state space model.  

6. The sixth aim is to develop supervisor fuzzy logic controller SFLC that features 24 input and 12 

outputs for all building ð modeling building each floor as a separate system results in four spatial 
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models that offer the advantage that the rules of the supervisor controller are reduced to 180. 

Also, by adding additional rules between the entry steps, the SFLC can control energy-saving 

features and results in an improved performance in the heating and cooling of buildings. 

To achieve the stated objectives, the following steps need to be taken:  

1. Employ a commercially available computer simulation program which has the ability to 

measure/model a buildingôs temperature, CO2 levels, and static pressure. This program should 

also be able to measure/model the building materialsô moisture retention and total energy 

recovery, and ultimately be able to develop a building model which uses these measurements to 

include four air-handling units as features.  

2. Run simulations of HVAC systems on the four air-handling units, measuring individual room 

comfort levels (e.g., static pressure, temperature, etc.) and gauging the systemôs energy usage. 

3. Use MATLAB to run a series of simulation tests to measure the performance levels in potential 

and adopted control strategies. 

4. Following the adoption of control algorithms and rules, apply theoretical analysis to measure 

overall control performance as well as the specific óprosô and óconsô of individual controls. 

5. Using Honeywell software data, analyze control performance and any enhancements to the 

quality of the indoor environment. 

1.4. Challenges of the research 

  In addition to the steps outlined above, several issues related to the design of the building and 

controller must be resolved if the stated objectives are to be achieved. The most important of these 

issues are listed below, in no particular order. 

1. MATLAB and Simulink are used for the simulation tests and involve a fuzzy logic controller. 

Using this particular controller design, we will not be able to measure the systemôs consumption 

levels.  
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2. The construction maps referred to in the project are dated and do not include recent renovations 

and additions such as the Suncor portion of the building or the cafeteria. 

3. Several of the inputs/outputs (e.g., number of occupants, wind direction, etc.) cannot be validated 

during system identification. 

4. There are numerous kinds of pollutants in a typical building, not all of which need to be monitored 

and/or controlled. This makes indoor air-quality monitoring a very complex situation. Overall, 

however, the controller should provide good adaptability, fast response, small degrees of 

overshoot, and an intelligent algorithm that is coded to the buildingôs needs. So, for instance, the 

present control strategy takes certain concentrations of CO2 in the indoor environment for a 

control signal, but it can be impacted by issues related to loosely defined parameters or improper 

(i.e., faulty) measurements.  Therefore, the controller needs an intelligent algorithm which is not 

only has a fast response time but is also highly adaptable to changing circumstances. 

5. Simulation tests performed during the winter months, which means that we were only measuring 

and recording system variables for the heating process (not the cooling stage). Because the 

weather is very cold in this region for most of the year, that is means the heating system always 

on all the year, and we can see that clearly in the table of consumptions of the energy in next 

chapter.  

6. The software uses boilers as a hot water supply, whereas the primary hot water supply for the 

entire building comes from the main room. 

7. Numerous pieces of equipment and moveable infrastructure, such as cookers, fridges, freezers, 

TVs, computers, etc., were not taken into account in the heating/cooling features, even though 

they can contribute significantly to these elements. 
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1.5. Organization of the thesis 

This thesis is organized in a manuscript format, including four journal papers as chapters. The 

journal papers completed during the research and demonstrates the objectives and related tasks. The 

overview of each chapter is explained as follows:  

1.  In Chapter 2, we model the S. J. Carew building on the campus of Memorial University, St. 

Johnôs, Newfoundland by employing the simulation tool IDA Indoor Climate and Energy (IDA-

ICE) 4.7. We  then look at energy consumption in the Carew Building before developing an IDA-

ICE model library as well as 3D and heat models. We use the IDA-ICE for examining various 

climate zones in the structureôs interior environment. Overall, the four main objectives of Chapter 

2 are as follows:  

1) Use the tool IDA-ICE to model the S. J. Carew building. 

2) Do a comparison of the structureôs logged data with IDA-ICE data in order to determine energy 

consumption differences (if any). 

3) Measure time-saving values (if any) in using the system identification (SI) method for 

simulating the structure.  

4) Apply the results from the system model simulation to determine whether there are any 

dynamics associated with the Carew buildingôs interior climate control. 

2. In Chapter 3, we apply real-life data for the whole building and validate the results. We also 

examine the usefulness of system identification (SI) for time-reduction in simulation calculations 

for large buildings. As well, we gauge the usefulness of SI in identifying climate control dynamics 

when employing samples of one-hour discrete time data. Finally, in Chapter 3, we also investigate 

the validity of a state feedback controller using a state space model. 

3. In Chapter 4, we use the IDA-ICE 4.7 tool to build a simulation for the S. J. Carew building. 

Launched in 1998, the IDA-ICE energy program was developed to study thermal climate zones. 
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Our simulation tests power usage for both heating and cooling and will comparatively look at 

results presented in where real-life data were applied to build systems for entire structures. 

The three main aims of the present study are as follows:  

i. To test the applicability of using SI to reduce the time required for calculations related to 

simulating complex structures found in AHU1.  

ii.  To test SIôs viability to identify dynamics in structural climate control design using one-hour 

discrete time data.  

iii.  To build fuzzy logic controller structures with six inputs and three outputs and then apply these 

structures as controllers for the AHU1 state space model. 

4. In Chapter 5, our primary aim is to optimize the developed model to satisfy the systemôs real-life 

demands. As the Carew Building features four AHUs, the state space model is best suited for our 

stated purpose. Furthermore, as our SI data were harvested during the winter months (November 

to April), the air conditioner was not being used at that time. There are four AHUs in the S. J. 

Carew Building (one AHU for each floor), which feature three inputs Ὗ] and three outputs ὣ] 

each, or 12 inputs and 12 outputs in total. The three inputs are: 1) fresh air (external source), 2) 

supply fan speed, and 3) hot water valve (for heating coil/zones radiators), while the three outputs 

are: 3) CO2 levels (measured as parts per million [PPM]) to regulate fresh air dampers., 2) static 

air pressure PS (measured as inch in water [INW]) of the ducts to regulate supply fan speed, and 

3) return air temperature to regulate hot water valve aperture. Please refer to chapter 4 for detailed 

information on the state space model applied in the AHU1 controller design. Overall, the present 

research aims to investigate the following:  

1) A fuzzy level control approach which regulates the four AHU outputs to consistently maintain 

the desired temperatures, static air pressure, and CO2 concentrations.  
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2) The optimal strategy or strategies in using fuzzy control to obtain the most suitable outcome 

(i.e., action) in every parameter, to be determined parameter by parameter.  

3) Whether the proposed fuzzy supervisor can successfully determine if an action is beneficial or 

not to the entire system regarding overall performance levels.  

4) Whether the proposed fuzzy supervisor is able to control energy savings towards the buildingôs 

overall performance levels of heating and cooling, with the individual demands of every floor 

being considered in the performance evaluation. 
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2. Modeling, Energy Consumption Analysis of a Large Building at Memorial 

University 

Preface 

A first manuscript has been submitted in the Journal of Energy at Hindawi. I am the primary 

author of this journal. Along with the co-authors, Tariq Iqbal and Kevin Pope, I model the S. J. Carew 

building on the campus of Memorial University, St. Johnôs, Newfoundland by employing the 

simulation tool IDA Indoor Climate and Energy (IDA-ICE) 4.7. We then look at energy consumption 

in the Carew Building before developing an IDA-ICE model library as well as 3D and heat models. I 

conducted the literature review, performed the simulation, and analysis the results. The co-authors 

helped in providing reviewed and corrected the achieved results and contributed in preparing, 

reviewing and revising the manuscript. Also, contributed through support in the conceptual 

development of the study, research methodology design, analysis, and discussion of the results. 

Abstract 

In this paper, energy consumption analysis and a process to identify appropriate models based 

on heat dynamics for large structures is presented. The analysis uses data from heating, ventilation, and 

air-conditioning (HVAC) system sensors, as well as data from the indoor climate and energy software 

(IDA Indoor Climate and Energy (IDA-ICE) 4.7 simulation program). Energy consumption data (e.g., 

power and hot water usage) agrees well with the new models. The model is applicable in a variety of 

applications, such as forecasting energy consumption and controlling indoor climate. In the study, both 

data-derived models and a grey-box model are tested, producing a complex building model with high 

accuracy. Also, a case study of the S. J. Carew building at Memorial University, St. Johnôs, 

Newfoundland, is presented.
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Keywords: State space model, building modeling and simulation, IDA-ICC program, HVAC, energy 

consumption, system identifi cation. 

 

2.1. Introduction  

Heating, ventilation and air conditioning (HVAC) systems are crucial for indoor climate 

management and air quality. These systems are also a key factor in overall operational costs. For 

industrial buildings, nearly one-third of the energy usage depends on HVAC system operation [1]-[3]. 

The recent rapid industrialization of the worldôs developing nations has led to an increase in energy 

demand, followed by a rapid rise in pollution levels. As a result, researchers are investigating ways to 

mitigate or prevent further environmental damage through a combination of conservation methods and 

wide-scale adoption of renewable energy systems [4].  

Ideally, HVAC (heating, ventilation, and air-conditioning) systems are developed to form an 

interior environment that provides user-comfort with operational cost-efficiency. To maintain 

consistent user-comfort and affordability amidst changing variables, a suitable control system is 

needed. Several options have been modelled. One popular method uses data to create a mathematical-

based HVAC system that considers input and output variables to find and set system parameters. Data-

driven HVAC can readily identify strategies for system refinement and enhancement. These types of 

model determination are termed system identification (SI) in the literature (ASHRAE, 2005) [5]. 

In previous studies, researchers categorized modeling approaches into two main types, namely 

black box and grey box. For the black box method, no prior information is required, but for the grey 

box strategy, there must be a reservoir of pre-existing knowledge. Due to these constraints, the black 

box modeling approach is generally better represented in the literature. Examples of black box models 

applied to HVAC systems are polynomial forms such as ARX, ARMAX, BJ, and OE. Despite its 
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popularity, the black box model strategy overlooks the physical features of a system, leading to issues 

around the practical application in real-world designs. 

For example, Chi-Man Yiu et al. [6] looked at black box strategies for air-conditioning systems. 

The researchers contrasted two ARMAX models ï the first, a single-input / single-output system, and 

the second, a multi-input / multi-output (MIMO) system. For the MIMO system, Chi-Man Yiu et al. 

[6] employed parameters derived from the recursive extended least squares method. Mustafaraj et al. 

[7] investigated temperature and humidity models (ARX, ARMAX, BJ, and OE) for office 

environments, using a black box approach. The same researchers [8] continued their work by applying 

nonlinear auto-regressive models with NARX inputs to gauge temperature and humidity levels while 

comparing and contrasting the outcomes for these models with those of linear ARX models. 

Additionally, Mustafaraj et al. [8] examined CO2 concentrationsô effect on model performance, 

considering that occupancy levels in a building are directly correlated to CO2. Rabl [9] provided a 

summary of approaches applied for dynamic analysis of power usage by modeling heat dynamics. 

These models were applied in studies by Sonderegger [10] and Boyer et al. [11], using differential 

equations. For dynamic models, parameter estimation and system identification are essentially the same 

processes. 

This research uses the Gray Box method to model dynamic systems. This precise and global approach 

makes it possible together, information about the thermal properties of structures [12]-[14]. Gray box 

models use discrete timing equations and continuous time stochastic differential equations. An HVAC 

systemôs yearly power usage can be predicted using energy performance analysis tools, such as 

SIMBAD, EnergyPlus, eQUEST, HVACSIM+, IDA ICE, and TRNSYS at set time frames (hourly or 

less) in accordance with a set of equations is describing a buildingôs thermal performance. Calculations 

comparing various design options are usually made for part-load and full-load performance [15]-[18]. 
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This paper simulates a whole building (the S. J. Carew building in St. Johnôs, Newfoundland) 

using the IDA Indoor Climate and Energy (IDA-ICE) 4.7 simulation program. In addition to examining 

the modeled structureôs power use, the study investigates a 3D model, a heat model (with variable 

parameters), and an IDA-ICE model library. The IDA-ICE was developed to investigate different 

thermal climate zones occurring in indoor environments [19]. 

Exact details of the construction of the building and logged data from Honeywell software use as the 

detail to build the model of the building in IDA-ICE software. We propose 12 inputs and 12 outputs 

dynamic model for the system. The dynamic model is required to design and test system controllers 

before actual implementation. To determine a state space system model, we use the Matlab system 

identification toolbox. For the model determination, we used data from IDA-ICE software. 

Contributions of this paper are building data, a proposed system dynamic model, a method to determine 

the system model, and developed system dynamic model parameters. The primary objectives of this 

paper are:  

1.  Apply the IDA-ICE software to model the S. J. Carew building (Memorial University, St. 

Johnôs, Newfoundland), all real dimensions and building materials information are available. 

This is the reason for selecting the building, which the Department of Facilities Management 

and the Honeywell office are responsible for running and monitoring the system.  

2. By using the IDA-ICE software we can divide the single valve of hot water coming from the 

main room to four distinct units, enabling each air-handling unit (AHU) to have an individual 

valve for control the mechanical hot water flow for each zone as another input of the system 

are supply fan speed and fresh air dampers position.  

3. Compare the data from the IDA-ICE software with the building logged data for validating the 

power use outcomes 
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4. Determine the potential of applying the system identification approach to reduce the time 

needed to simulate the building and use the system model simulation results in identifying the 

dynamics related to a buildingôs climate control.  

2.2. The building for thi s case study 

A case study on the S. J. Carew building, with an interior size of 25,142 m2 is conducted. The 

building is located on the campus of Memorial University, St. Johnôs, Newfoundland, and includes 

several teaching rooms and research labs for the Memorialôs Faculty of Engineering and Applied 

Science. The building also features a large cafeteria. There are four individual air-handling units 

(AHUs) in 300 zones within the building. Figure 2.1 illustrates a 3D model for the structure, applying 

the IDA-ICE software mentioned in the previous section, while Table 2.1 provides an energy report. 

 

Figure 2.1 3D model for the structure 
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Table 2.1 Energy report for the building. 

  

2.3. Simulation Tool 

The S. J. Carew building is modelled by employing IDA-ICE as a dynamic thermal simulation 

tool. This program is selected because it is widely accepted as a viable thermal building performance 

simulator towards the study of power usage and indoor thermal climate of whole buildings [19]. The 

IDA-ICE software uses symbolic equations framed in a modeling language and a variable time-step 

differential-algebraic (DAE solver). The models, which can be expressed through Neutral Model 

Format (NMF)/Modelica and act as both computer code and readable document, which are applicable 

to various simulation environments [20], [21]. 

The simulation tool IDA-ICE 4.7 is employed to predict the power usage and interior climate 

of the S. J. Carew building. The IDA-ICE 4.7 tool is ideal for modeling of multiple-zone HVAC 

systems as in the S. J. Carew building. IDA-ICE 4.7 is able to determine the general thermal comfort 

level of the building by measuring the internal air quality (IAQ) and performing dynamic simulations. 

The heat exchanger uses controllers to maintain zonal temperatures, which can be set as fixed points 

by modulating control valves. Meanwhile, in the real system (as shown in Figure 2.2), a hot water valve 

Building 
Area 

[m 2 ]

U 

[W/(m 2 

K)]

U*A 

[W/K]
% of total Side

Area 

[m 2 ]

U Glass 

[W/(m 2  K)]

U Frame 

[W/(m 2 

K)]

U Total 

[W/(m 2 

K)]

U*A 

[W/K]

Customer Model floor area 25141.7 m 2

Walls above 

ground
7450.19 0.54 4002.24 44.85 N 174.36 2.86 2 2.77 483.51

Created by Almahdi Abdo-Allah  Model volume 128952.9 m 3

Roof 10529.8 0.17 1811.13 20.3 E 131.08 2.86 2 2.77 363.49

Location Newfoundland (St. 

John's 

Airport)_718010 

Model ground 

area
10544.5 m 2

Windows 713.73 2.77 1979.24 22.18 S 213.24 2.86 2 2.77 591.35

Climate file CAN_NF_St.Johns.7180

10_CWEC

Model envelope 

area
29440.0 m 2

Doors 201.72 0.59 118.38 1.33 W 195.05 2.86 2 2.77 540.89

Case building2017_AHU8 Average U-value 0.3031 W/(m 2  K) Walls below 

ground
0 0 0 0 Total 713.73 2.86 2 2.77 1979.24

Simulated 1/19/2017 22:04 Envelope area 

per Volume
0.2283 m 2 /m 3 Floor towards 

ground
10544.5 0.09 991.82 11.11

Total 18567.2 0.41 7689.82 100

Input data Report

Project Building

Building envelope Windows
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collects relevant data for water heated by a heating coil. Although the buildingôs system features a 

single valve for its hot water production, the IDA-ICE software divides the single valve into four 

distinct units, enabling each air-handling unit (AHU) to have an individual valve [22], [23]. 

 

Figure 2.2 AHU2 for S.J. Carew building 

2.4. Building Model 

IFC files were used to develop a simulation model from the building information model (BIM). 

As shown in Figure 2.3, the East side of the third floor features an AHU, and all floors in the building 

have their own individual AHU. 
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Figure 2.3 Third floor of the building  

Data from the Facilities Management department at Memorial University were used to source 

construction information regarding building dimensions and elements such as windows, doors, and 

walls. The data then inputted to the IDA-ICE software.  
































































































































































































































































































