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Abstract 

One of the key elements for improving the energy performance of large-scale non-residential buildings is recognized as 

the correct management and control of the Heating Ventilation and Air Conditioning (HVAC) system. In real applications, 

the main shortcomings are represented by the lack of involving occupants presence and behavior, and by the lack of 

application of dynamic control able to guarantee optimality of operation with the aim of controlling building energy 

demand. This present study aims at evaluating the perspective of energy savings achievable with the broadening of the 

energy perspective to indoor air quality thanks to occupants’ monitoring and at showing some of the potentialities arising 

from the implementation of an optimal control of the HVAC. This provides insights about the possibility of achieving 

significant energy savings by using measures of minimal complexity. The proposed measures involve demand-controlled 

ventilation as representative of occupant-centric control strategies, and an improved control of the heat pump and chiller 

supply water temperature, and of heat recovery equipment as representative of supervisory control strategies. The analysis 

which is carried out by means of dynamic simulation has been applied to an academic building situated in Pisa. The 

achieved energy saving can reach the value of 44%, a significant part (33%) of which is guaranteed by the application of 

demand-controlled ventilation, consequent to a direct monitoring of the presence inside the building. This shows the 

major importance of implementing occupant-centric control strategies, which will also return useful in the new paradigm 

of building occupation after COVID-19 pandemic experience. 
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Nomenclature  

𝐴0  Total area [m2] 

𝐴𝑓  Fin area [m2] 

𝐶̃  Thermal capacities ratio [-] 

𝐶𝐶𝑂2
  Carbon dioxide concentration [ppm] 

𝑐𝑝  Specific heat [kJ/(kg K)] 

𝐶𝑂𝑃  Coefficient of Performance [-] 

𝐶𝑅  Capacity Ratio [-] 

𝐸𝐸𝑅  Energy Efficiency Ratio [-] 

𝐺  Daily solar radiation on horizontal surface in a specific place [kWh/m2] 

ℎ  Specific enthalpy [kJ/kg] 

𝑚̇  Mass flow rate [kg/s] 

𝑛𝑜𝑐𝑐  Number of occupants [-] 

𝑁𝑇𝑈  Number of Transfer Units [-] 

𝑃𝑒𝑙   Electric power [W] 

𝑟̇  CO2 human production rate [m3/s per person] 

𝑅𝐻  Relative humidity [%] 

𝑇  Temperature [°C] 

 UA Product of overall heat transfer coefficient and area of the heat exchanger [W/K] 

𝑉  Volume [m3] 

𝑉̇  

 

Ventilation rate [m3/s] 

𝑣𝑤𝑖𝑛𝑑  Wind velocity [m/s] 

𝑥  Humidity ratio [-] 

  

Subscripts  

𝑎𝑖𝑟  Air 

𝑎𝑣𝑔  Average 

𝑒𝑥𝑡  External 

𝑓𝑎𝑛  Fan 

𝑓  Fin 

𝐻𝑃  Heat pump 

𝐻𝑅  Heat recovery 

𝑖𝑛  Inlet 

𝑖𝑛𝑡  Internal 

𝑚𝑎𝑥  Maximum value 

𝑚𝑖𝑛  Minimum value 

𝑚𝑖𝑥  Mixing 

𝑜𝑢𝑡  Outlet 

𝑅𝐶  Rated conditions 

𝑆  Surface 

𝑤  Water 

  

Abbreviations  

BACS Building Automation and Control System 

BEMS Building Energy Management System 

BPF By-Pass Factor 

CAV Constant Air Volume 
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DCV Demand-Controlled Ventilation 

CS Control Strategy for HVAC control 

DX Direct Expansion 

EI Energy Intensity 

ER Energy Recovery 

ERV Energy Recovery Ventilation 

GHG Greenhouse Gas 

HP Heat Pump 

HR Heat Recovery 

HVAC Heating, Ventilation, and Air Conditioning 

IAQ Indoor Air Quality 

IEQ Indoor Environmental Quality 

MBC Model-Based Control 

MPC Model Predictive Control 

nZEB nearly-Zero Energy Building 

OCC Occupant Centric Control 

PI Proportional Integrative 

PID Proportional Integrative Derivative 

PV Photo-Voltaic 

RBC Rule-Based Control 

RER Recovery Efficiency Ratio 

RES Renewable Energy Source 

VAV Variable Air Volume 

VSD Variable Speed Drive 

  

Greek symbols 

 

 

𝜀  

 

Heat exchanger efficiency 

𝜂  Efficiency 
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1. Introduction 

The civil and residential sector is responsible for 39% of energy and process-related CO2 emissions and 36% of final 

energy use [1], highlighting its importance for the achievement of environmental targets defined in national and 

international policies. The major potential for achieving significant energy consumption reductions lies in buildings of 

public use due to their higher energy use intensities (EUIs) [2] and to the variability of the energy consumption observed 

[3], which emphasizes the different performance between best practice buildings and the others, and which is referred to 

as “energy performance gap”. This energy performance gap can be attributed to all the different stages of the building life 

cycle, but it is mostly ascribed to faults in the operation one [4].  

To tackle this problem, two interrelated aspects have been put in place. On one side there is the improvement in the 

building systems’ management and control, which has been identified as one of the two major causes of the performance 

gap along with occupancy behavior [5], and which aims to improve energy efficiency; on the other side it is really 

important the integration of renewable energy sources (RES) in the pool of energy systems serving the building, for 

reducing the building carbon footprint. Both these approaches can play a major role in the energy efficiency of large-scale 

non-residential buildings, and therefore have been object of different recent papers [6, 7]. 

These two approaches are linked together because the integration of RES requires an accurate management of the energy 

flows to promote renewable energy use when available. It follows that the management and control of the building systems 

takes on a leading role for energy consumption reductions and thus requires further study. 

Heating, Ventilation and Air Conditioning (HVAC) systems are responsible for a major part of the energy consumption 

of the building [8] but it is recognized that a great part of them, about 90%, is not run optimally [9]. The non-optimality 

of operation is majorly due to two aspects: the lack of a supervisory control operating on all the components together 

[10], and the lack of involving occupants’ presence and behavior in the energy management [11]. 

Concerning supervisory control, it represents an essential step for ensuring the optimality of operation since it constitutes 

the tool to make the various components cooperate and to guarantee the minimum energy consumption under the same 

services’ quality. Unfortunately, nowadays the operation of the various components of the HVAC system is still 

performed only to ensure a certain quality of the service provided and does not involve the energy perspective and 

enhanced collaboration between them. This may result in various components working against each other like in case of 

simultaneous heating and cooling [12]. Although the implementation of energy efficient solutions such as energy recovery 

measures or the systematic use of Heat Pumps (HPs) in substitution to fossil fuel based (e.g. natural gas) boilers are 

actions which can guarantee significant energy savings on the path to gas free and nearly Zero Energy Buildings (n-ZEB) 

[13], their full potential exploitation can only be reached when coupled with an accurate control strategy.  

These pieces of equipment are indeed controlled based on rules which consider mainly meteorological conditions and 

operational parameters, and therefore the energy efficiency potential is not fully appreciated. For example, concerning 

HPs, in [14] it is remarked that the approach from manufacturers is conservative and gives precedence to comfort despite 

high energy consumptions. The same applies for other components, such as Heat Recovery (HR) equipment [15]. 

Concerning Occupant Centric Control (OCC), its importance arises because occupants are the receivers of the building 

services, and thus operation must be tailored on their needs. Firstly, there is no point in providing those services when no 

occupant is present within the building but sometimes energy consumption during non-occupied hours can even be more 

significant than that during occupied hours: in [16], for example, the amount of energy used in non-occupied hours stands 

at 56% compared to the 44% of the one during occupied hours due to wrong occupants’ behaviors. Secondly, besides 

reducing the energy wasting during non-occupied hours, a particular attention must be given to the adaptation of the 
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HVAC operation to the various occupants’ behaviors and preferences when they are present in the building. To this 

purpose, two approaches are commonly carried out: the monitoring of the number of occupants and the development of 

personal comfort models. The latter is the clearest attempt to adapt HVAC operation to occupants’ needs but it is based 

on advanced tools such as Internet of Things and machine learning [17] and therefore may easily result in an overall 

comfort degradation when not properly trained with suited occupants’ feedback [18]. Moreover, this branch is majorly 

related to small buildings, such as offices, in which the individuals in the building remain the same for most of the opening 

time. Concerning large-scale buildings and especially those for public use, the main enabler for OCC is represented by 

occupants’ counting and monitoring: since occupants’ number in these buildings is very significant, its knowledge could 

help to provide a satisfactory environment while at the same time reducing the related energy costs. The most 

straightforward field of application is that of Indoor Air Quality (IAQ): nowadays’ common practice is to provide a 

constant air renewal, but this energy-consuming practice could be replaced by an air renewal based on effective IAQ 

requirements, implementing the energy perspective in the fulfilment of IAQ. Another use of the occupants’ number could 

be that of involving it in the problem of balancing energy consumption and occupants’ needs: the authors of the present 

paper have shown the improvements that follow from the development of a dynamic weighting scheme based on 

occupants monitoring when compared to standard operation or to a static scheme [19]. 

Furthermore, although OCC techniques and other control strategies apply to the same energy demands, an analysis of 

their combined effects is still missing. A prime example of this, is right IAQ-related energy consumption, which is the 

target of both Energy Recovery Ventilation (ERV) and Demand Controlled Ventilation (DCV), with the former 

represented by an energy recovery from exhaust air and the latter represented by the reduction of the outdoor air flow 

rate. 

The aim of this study is to explore the potentialities resulting from the involvement of occupants monitoring and an 

improved control of critical components in the operation of an HVAC system serving large-scale public buildings, but 

also to analyze the various conflicts with classic energy efficiency strategies arising from the introduction of OCC 

techniques. To this purpose, occupants’ monitoring will be used for developing a ventilation based on CO2 concentration; 

instead, supervisory control will be used for developing improved control strategies for key pieces of equipment such as, 

the heat pump and the chiller, and the sensible energy recovery heat exchanger. The achievable energy savings will be 

evaluated on an educational building located in Pisa. . 

 

 

2. HVAC systems operation and control 

HVAC systems are used for maintaining adequate environmental conditions inside buildings. Typical HVAC systems are 

composed by five different sections, as described in [20] and schematically shown in Fig. 1, in which the main parts of 

the system with their specific functions are described. These sections are the “pre-treatment” section in which energy 

recovery and mixing with exhaust air are performed on the outdoor incoming air, the “treatment” section in which air is 

processed until it reaches the required supply conditions, the “generation” section in which the energy is generated before 

being transferred to process air, the “transport” section in which the air is provided with the sufficient kinetic energy to 

reach the conditioned space at a desired velocity, and finally the “control” section in which the components’ operation is 

defined. 
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Figure 1. HVAC all-air systems with the different functional sections 

 

The pre-treatment section is represented by two different transformations, which are both based on the interaction between 

outdoor air and exhaust air: energy recovery and mixing. Energy recovery is a measure recommended by technical 

standards [21] and national laws, aimed at reducing energy consumption. Many technologies have been developed for 

this purpose and can be separated in only sensible or sensible and latent energy recovery and in active or passive 

techniques [22]. 

Instead, mixing is a measure that does not need specific devices, for heat exchange happens directly in the mixing box. It 

is commonly preferred to energy recovery because it has the advantage of allowing a great energy recovery, while only 

moderately increasing the fan energy consumption. However, due to the ongoing pandemic of COVID-19, this measure 

has been questioned, since it can enhance the virus transmission by mixing air coming from different zones [23]. 

The treatment section is the one in which the air goes through a series of transformations to reach supply conditions. 

These transformations include pre-heating, cooling and dehumidifying, humidifying, and re-heating, which are usually 

performed by water coils, direct expansion (DX) coils, electric resistances, and adiabatic or isothermal humidifiers.  

The generation section can be characterized by different devices: the most common configuration is the use of a boiler 

for heating and of a chiller for cooling. However, electric HPs are gaining attention for their improved performance 

compared to classical generation systems and their possible integration with RES, as PV systems [24-26]. 

The transport section does not represent a well-localized section but rather a functional section of the system for it consists 

of all the involved fans, namely the supply fan, the return fan, and possibly the heat recovery fan, of all the dampers whose 

opening determines the passage of air through the ducts, and of the pumps for water circulation. 
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Finally, the control section, which neither is a well-localized section, consists of all the elements with the function of 

equipment control, namely sensors, controllers, and actuators.  

 

2.1 HVAC control systems: an overview 

HVAC control plays a very important role for coordinating the operation of the elements in the different sections, with 

the aim of satisfying the building demands, but also to do that with the minimum energy consumption. Three main 

categories of variables are involved in HVAC control: the conditioned space variables, the weather and occupancy 

variables, and the operational variables. The conditioned space variables that can be monitored are in particular air 

temperature and relative humidity. Pollutants’ concentration, represented for example by carbon dioxide, is important 

too.  The weather and occupancy variables that can be monitored are mainly the external temperature and relative 

humidity, the solar irradiance, and the occupants’ number. The monitored operational variables can be fluid temperatures 

and pressures, flow rates, and component state; concerning their function, the conditioned space variables represent the 

objective of control, the operational variables are the controlled variables, and the weather and occupancy variables 

represent disturbances.  

As for conditioned space variables, there is a specific issue about carbon dioxide concentration which becomes critical in 

large-scale buildings. Only temperature and relative humidity monitoring have been integrated in common HVACs, while 

carbon dioxide concentration monitoring is seldom present: ventilation is in fact performed based on peak occupancy, 

leading to a great energy waste. With the integration of carbon dioxide monitoring, ventilation could be adjusted to real-

time conditions, including the energy perspective in dealing with IAQ [27, 28]. This would raise its consideration at the 

level of the other conditioned space variables, for which an active control based on effective requirements is already 

performed. 

Concerning operational variables, their control can be performed on two levels: on a component level, which is known as 

basic control layer, and on a system level, which is known as supervisory control layer [29]. 

The basic control layer has been the first available type of control for these systems. Technologies operating this type of 

control differ for the way they correct the error, and can be classified as ON/OFF, Proportional/Integrative/Derivative 

(PID) and varieties, and Artificial Intelligence, ordered for increasing performance. This type of control is solely aimed 

at satisfying the building demands and can therefore be very inefficient from an energy point of view. 

The supervisory control layer has been possible thanks to the development of Building Automation and Control Systems 

(BACS), which can put in communication the different components present in the HVAC system. This layer of control is 

the one which allows the achievement of optimal operation by coordinating the working conditions of all the components 

of the HVAC system. It can be performed by means of Rule-Based Control (RBC) or Model-Based Control (MBC). The 

former ones are simple to develop and require low computational expense but fail to catch complex dynamics. The latter 

ones are usually derived from data and can catch more complex dynamics but strongly depend on the training dataset. It 

is usually based on MBC because it is important to catch all the complex dynamics involved, to ensure the optimality of 

the operation. An advancement in supervisory control is represented by the possibility of including predictions of any 

type of variables to expand the optimality of operation from the consideration of a single point in time to a defined time 

horizon. This goes by the name of Model Predictive Control (MPC), and it is one of the most promising advanced type 

of control which has been considered for the application in HVAC systems [30-32]. Its main problems are the difficult 

scalability and the inability to deal with uncertainty. To overcome these problems, it has been integrated with Adaptive 
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Control, which has the possibility of self-tuning and re-learning to cope with unforeseeable deviations with respect to 

design conditions [33]. 

 

2.2  Proposed control strategies for HVAC 

The aim of this study is to analyze the positive effects on the overall energy efficiency of the building that can be obtained 

by extending real-time control to carbon dioxide monitoring and by implementing the supervisory layer of control in 

HVAC systems, taking into account the occupation profile. Stressing the potential benefits of measures already technically 

available and of quite simple model-based measures aims to bring the attention of various stakeholders on the significance 

of energy savings that can be achieved in the field of large non-residential buildings with straightforward interventions. 

The proposed control strategies are DCV,  an exact control of the generation section, and an energy-aware control of the 

ER equipment. 

The first one is a measure which aims to introduce the energy perspective when dealing with IAQ, raising carbon dioxide 

concentration to the same level of the other environmental parameters and works by minimizing outdoor air flow rate 

when not required. Its analysis aims at pointing out the importance of this measure that is already available on the market, 

but which has not yet been implemented on full scale. DCV has been proven to provide significant energy savings in 

different applications: for example, in [34], reductions of fan energy consumption and of ventilation heat losses equal to 

50% and more than 35% have been observed in offices and schools. This measure represents an outstanding solution for 

reducing energy consumption due to ventilation while guaranteeing an adequate IAQ in buildings with a large and variable 

occupancy. Moreover, since IAQ in such buildings has grown importance due to COVID-19 pandemic, DCV could help 

to overcome the precautionary earlier guidelines to supply as much fresh air as possible, by evaluating ventilation rates 

as a balance between energy consumption and the maintainment of typical internal condition requied to prevent infection 

risk [35, 36]. 

Given that HP market share is expected to largely grow in the next years due to electrification of the heating sector [37], 

many studies have focused on analyzing the potential that improved control strategies can provide. Since HP supply water 

control is usually based on external temperature heating curves, an off-line optimization with the generalization to other 

parameters such as solar radiation and near-future effects is proposed in [38], with the aim of improving thermal comfort. 

In [39] the authors showed how a variable hysteresis control of supply water temperature can provide improvements of 

the seasonal performance. All the previous studies refer to residential applications, and therefore an analysis of the 

improvements achievable in all-air systems serving large public buildings should be carried out.  

This is both because of the greater variability of the building’s boundary conditions due to variable occupancy, and 

because of the working period which is not bounded to the heating season due to reheat requirements also during the 

cooling one. To this purpose, an adaptive control of the supply water temperature of the generation section, both HP and 

chiller, will be developed based on the knowledge of the building loads and of the working conditions of the components 

of the HVAC system.  

Another key element of the HVAC system which is seldom accurately controlled is the ER equipment. In [40], the 

importance of the ERV bypass is shown with reference to a residential building, while in [41] the importance of frosting 

issues is reported. In [15] various control strategies based on temperature and humidity ratio differences between indoor 

air and outdoor air are presented, and the results show how the suitability of sensible or latent ER devices is dependent 

on climatic conditions. Besides being related to residential applications, these studies do not involve the presence of DCV 
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which operates on the same energy demands. This study analyzes the effects of an improved control of the sensible Heat 

Recovery (HR) heat exchanger based on the energy perspective with a particular focus on its relationship with DCV.  

All the proposed Control Strategies (CS) will be applied in cascade to benchmark solution in the presented order, 

representing increased complexity of the HVAC control system. This benchmark solution is represented by a Variable 

Air Volume (VAV) system served by a HP for heating. Moreover, all CSs will be compared to a Constant Air Volume 

(CAV) system to show the improvements that have already been achieved with the implementation of Variable Speed 

Drive (VSD) technology for the transition from CAV systems to VAV systems. The control strategies examined are 

summarized in Fig. 2: CS1 represents an outdated solution based on a constant supply flow rate; CS2, considered as a 

benchmark control strategy, is represented by a VAV. The strategy identified as CS3 considers DCV for varying the fresh 

air flow rate according to real IAQ requirements. Considering the two further control strategies, CS4 adds to the 

generation section an optimal supply water temperature control compared to CS3 and finally CS5 adds an energy-aware 

controller for the HR equipment to CS4. 

 

 
Figure 2. The proposed Control strategies (CS) for HVAC operation. 

 

 

3 Methodology for optimal control of HVAC system 

In this section the methodology proposed for optimal control of HVAC system is presented by analyzing the system 

layout to which it is applied, the system control logic of all the configurations proposed, and the models for the various 

elements involved.  

The simulation is developed using physics-based models for their high generalization capability [42]. The components’ 

models have two opposite characteristics: on one side they must be complex enough to depict the phenomena involved 

and catch all the interactions between the different devices, on the other they must be simple enough to require small 

computational effort and be able to provide insights on the energy savings obtained [43]. The use of lumped parameter 

models can be considered as a good compromise solution, even if a major drawback can be the lack of consideration of 

the inertia of the various systems involved, which could severely alter the real performance with respect to a real system. 

Therefore, the measures proposed should be subsequently experimentally tested, to investigate the change in energy 
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consumption with reference to a real application. To simplify the simulation, the building will be treated as a single air 

volume, since it is represented by a single thermal zone. While this has been widely accepted for building thermal 

simulation, it could represent a tricky point regarding the carbon dioxide balance as a consequence of a systematic 

application of DCV strategy. In fact, this leads to mediate the carbon dioxide concentration on the overall volume and not 

to consider local different concentrations, which could be significant. The models that have been used are developed in 

MATLAB environment and represent a comprehensive tool for the integrated simulation of the building and the HVAC 

system. The analysis carried out in this study is represented by a year-long dynamic simulation with an hourly timestep. 

 

3.1 HVAC system layout 

The system layout is presented in Fig. 1. In this particular case, the pre-treatment section is equipped with a sensible plate 

heat exchanger and a mixing box; both the section can be bypassed. The treatment section is composed with a preheat 

section, a cooling and dehumidification section, and a reheat coil; in all the sections water is used as heat transfer fluid; 

at the end  an adiabatic humidifier is present. The generation section is equipped with a chiller serving the cooling and 

dehumidifying coil and a HP serving the reheat and preheat coils. Variable speed drive motors for the supply and return 

fans and automated dampers are present.  

 

3.2 HVAC control logic 

Considering the structure of the HVAC previously described, the control strategies for its operation can be different. In 

this paper a particular kind of control logic is proposed: a schematic flow chart of the logic of the proposed control logic 

is provided in Fig. 3. Since the analysis will be based on the time horizon of an hour, the control guaranteed by the lower 

layer will be considered as always effective. This assumption is justified by the common use of PID controllers, which 

have very short response times. 
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Figure 3. Flow chart of the proposed procedure for the active control of HVAC 

 

First, the supply conditions are calculated based on the knowledge of the ideal energy demands, aiming at minimizing the 

airflow and subject to two constraints: the supplied airflow must be greater than the renewal air calculated on peak 

occupancy, and the supply temperature must not differ excessively from ambient temperature (15 °C for heating and 10 

°C for cooling). Then, the crossing or bypassing of the heat recovery equipment and the use of recirculation through the 

mixing box is decided based on the absolute temperature difference between indoor and outdoor (thresholds of 5 °C for 

heat recovery and 0 °C for mixing), and therefore the excess between supply flow rate and outdoor flow rate is assigned 

to recirculation or to the outdoor, also calculating the fans energy consumption.  
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Pre-treated air enters the treatment section, in which the working conditions of the coils and of the humidifier are exactly 

calculated, based on the assumptions that PID controllers have been able to perfectly adjust their operation. Based on the 

amount of energy supplied in the coils, the working conditions of the generation section are evaluated. The temperature 

of the water supplied is constant for the chiller and follows a climatic control for the heat pump. The right amount of heat 

exchange is assumed to be supplied thanks to three-way valves installed in the water loop. Lastly, the overall consumption 

is calculated by summing the electric consumption of the fans, of the heat pump, and of the chiller. The consumption of 

the water pumps has been neglected. The baseline control logic is then modified to represent the possible benefits arising 

from more advanced control measures.  

The first measure analyzed is the use of the demand-controlled ventilation for the reduction of outside ventilation when 

not justified by IAQ requirements. Therefore, the outdoor air minimum flow rate is not the one evaluated on peak 

occupancy, but it is the minimum one that is able to maintain carbon dioxide concentration under the 1000 ppm threshold. 

The second measure analyzed is the control of the supply water temperature of both HP and chiller. The supply water 

temperature is equaled to the one calculated in the treatment section. 

The third measure analyzed is the control of the HR system by means of an energy-aware supervisor control. The choice 

between using and bypassing this piece of equipment is evaluated according to overall energy consumption and not 

anymore according to a simple temperature difference.  

 

3.3. Models of the building and of the HVAC components  

In this subsection, the models for the building and HVAC components, schematically provided in Fig. 4 are presented 

and discussed . 

 

Figure 4. Implemented building and component models, shown on the HVAC system layout 

 

The building model is fundamental to evaluate the ideal energy demand; the ventilation rate model is used in case of DCV 

to evaluate the outdoor air minimum flow rate; both values represent inputs for the calculation. The plate heat exchanger, 

the mixing chamber, the humidifier, and the coil models are used to evaluate the performance of the pieces of equipment 

in the pre-treatment and the treatment section, respectively. HP, chiller, and fan models are used to evaluate the electric 

energy consumption of the system. All the models are based on physical equations and manufacturers’ catalogue data. 

The various models are used for the control logic as defined in Fig. 3. Fig. 5 provides the integration of the optimized 

control logic with the various models.  
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Figure 5. Complete control logic integrated with the various models 

 

3.3.1 Building model 

An important element of the proposed methodology is the model of the building. It consists of a resistance-capacitance 

thermal network; the building is modeled through several nodes for the envelope, while a single node (unique thermal 

zone) is considered for the indoor air [44]. Envelope elements and partition walls are modeled as resistance-capacitance 

elements for each of their structural layers, while glazed surfaces are modeled as resistant elements. The model can 

analyze both the regime of free evolution in which no actions from the HVAC system are considered or that of temperature 

and relative humidity control in which the HVAC system provides energy demands to ensure that temperature and relative 

humidity lie in the acceptable ranges defined. A range of 20-26°C and of 40-60%  have been chosen respectively for 

temperature and relative humidity, according to technical standards [45]. Both sensible and latent heat energy demand 

are calculated accounting for thermal dispersions, ventilation fluxes, thermal inertia of the structure, and solar and internal 

gains and vapor mass balance of the indoor air. 
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3.3.2 Model of the various HVAC components 

The model of the HVAC is represented by the equations that describe the behavior of the various components: in 

particular, heat exchanger, mixing chamber, coil, humidifier, HP, chiller, and fan.  

The considered heat exchanger operates at a fixed efficiency of 0.75; it is not able to modulate its flow rate due to two-

position dampers, and can therefore only be crossed or bypassed.  

Its performance data belong to a catalogue of these devices. The heat exchanger is crossed when the following condition 

is satisfied: 

 

|𝑇𝑖𝑛𝑡 − 𝑇𝑒𝑥𝑡| > 5 °𝐶            (1) 

 

in which 𝑇𝑖𝑛𝑡  represents the internal air temperature, and  𝑇𝑒𝑥𝑡  is the external air temperature. In that case, the outlet 

temperature from the plate heat exchanger is calculated by means of: 

 

𝑇𝐻𝑅 = 𝑇𝑒𝑥𝑡 + 𝜀𝐻𝐸(𝑇𝑖𝑛𝑡 − 𝑇𝑒𝑥𝑡)           (2) 

 

in which 𝜀𝐻𝐸 is the heat exchanger efficiency. 

The mixing chamber is simply modeled by an enthalpy and a vapor mass balance: 

 

𝑚̇𝑒𝑥𝑡ℎ𝑒𝑥𝑡,𝐻𝑅 + 𝑚̇𝑟𝑖𝑐ℎ𝑖𝑛𝑡 = (𝑚̇𝑒𝑥𝑡 + 𝑚̇𝑟𝑒𝑐)ℎ𝑚𝑖𝑥          (3) 

 

𝑚̇𝑒𝑥𝑡𝑥𝑒𝑥𝑡,𝐻𝑅 + 𝑚̇𝑟𝑖𝑐𝑥𝑖𝑛𝑡 = (𝑚̇𝑒𝑥𝑡 + 𝑚̇𝑟𝑒𝑐)𝑥𝑚𝑖𝑥          (4) 

 

where 𝑚̇𝑒𝑥𝑡 is the outside air flow rate, 𝑚̇𝑟𝑖𝑐 is the recirculation flow rate, ℎ𝑒𝑥𝑡,𝐻𝐸 and 𝑥𝑒𝑥𝑡,𝐻𝑅 are the enthalpy and the 

humidity ratio of the air exiting from the plate heat exchanger, ℎ𝑖𝑛𝑡 and 𝑥𝑖𝑛𝑡  are the enthalpy and the humidity ratio of the 

internal conditioned space, and ℎ𝑚𝑖𝑥  and 𝑥𝑚𝑖𝑥  are the enthalpy and the humidity ratio exiting from the pre-treatment 

section. The analysis of the coils is based on the classical ε-NTU method for heat exchangers analysis, which is available 

in the various heat transfer textbooks as [46]. In particular, cooling coils with enough rows, can be assimilated at a 

counterflow heat exchanger, for which the efficiency is correlated with the number of transfer units (NTU) and with the 

ratio between the thermal capacities of the two fluids as: 

 

𝜀 =
1−exp(−𝑁𝑇𝑈(1−𝐶))

1−𝐶 exp(−𝑁𝑇𝑈(1−𝐶))
            (5) 

 

Typically for water coils, due to the difference of specific heat capacity and to the proportion of flow rates, the minimum 

thermal capacity corresponds to that of air, so that a kind of gas side efficiency can be used. The heat transfer capacity, 

defined by the product of the overall heat transfer coefficient and the heat transfer area, 𝑈𝐴, can be evaluated as: 

 

𝑈𝐴 = (
1

𝑈𝑖𝑛𝑡𝐴𝑖𝑛𝑡
+

1

𝜂𝑆𝑈𝑒𝑥𝑡𝐴𝑒𝑥𝑡
)

−1

          (6) 
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where the heat transfer coefficients can be estimated by means of typical Nusselt number correlations (as Dittus Boelter) 

and finned surface efficiency can be defined as a function of the efficiency of the fins, the reference exchange area, and 

the area of the finned surface: 

 

𝜂𝑆 = 1 −
𝐴𝑓

𝐴0
(1 − 𝜂𝑓)            (7) 

 

Finally, the inlet water temperature can be evaluated by means of: 

 

𝑇𝑤,𝑖𝑛 = 𝑇𝑎𝑖𝑟,𝑖𝑛 +
𝑇𝑎𝑖𝑟,𝑜𝑢𝑡−𝑇𝑎𝑖𝑟,𝑖𝑛

𝜀
           (8) 

 

where 𝑇𝑤,𝑖𝑛 represents the inlet water temperature, and 𝑇𝑎,𝑖𝑛 and 𝑇𝑎,𝑜𝑢𝑡 represent the inlet and the outlet air temperature, 

respectively. For the cooling and dehumidification coil a constant bypass factor (BPF) equal to 0.2 has been used. 

Water coils usually depend on some construction parameters which are quite consolidated. Thanks to this, the only 

geometrical parameters needed for the following model are the number of rows (2-8), the number of fins per inch (8-15), 

and the coil frontal area, which is linked to the dimension of the VAV system. 

The humidifier model simply calculates the necessary amount of water that must be absorbed by the processed air to reach 

the exact humidity ratio supply. 

 

𝑚̇𝑤 = 𝑚̇𝑎𝑖𝑟(𝑥𝑜𝑢𝑡 − 𝑥𝑖𝑛)            (9) 

 

where 𝑚̇𝑤 represents the amount of water that must be supplied, 𝑚̇𝑎𝑖𝑟 represents the processed air flow rate, while  𝑥𝑜𝑢𝑡 

and 𝑥𝑖𝑛 represent the air humidity ratio at the outlet and the inlet of the humidifier, respectively. 

Concerning HP and chiller, their performance is based on the data obtained from a technical catalogue of the producer. 

The modulating capacity is obtained by means of an inverter; as a further assumption, the performance is not degraded 

until a capacity ratio of 0.3 is reached. 

 

𝐸𝐸𝑅 = 𝐸𝐸𝑅𝑅𝐶
𝐶𝑅

0.1+0.9𝐶𝑅
            (10) 

 

The parameters 𝐸𝐸𝑅𝑅𝐶 and 𝐸𝐸𝑅 are respectively the energy efficiency ratio at the declared capacity and at capacity factor 

𝐶𝑅, adjusted for considering the presence of the inverter. Under the threshold value of CR = 0.3, the performance factor 

is evaluated as described in [47]. 

The same method is proposed for defining the performance of the HP, identified by COP. In the non-optimized situation, 

the chiller supply water temperature has been fixed at 5 °C, while HP supply water temperature, expressed in °Chas been 

defined as: 

 

𝑇𝑤,𝐻𝑃 = {

     45                 𝑖𝑓 𝑇𝑒𝑥𝑡 ≤ 45

45 − 3(𝑇𝑒𝑥𝑡 − 15)  𝑖𝑓 15 < 𝑇𝑒𝑥𝑡 < 20
    30                𝑖𝑓 𝑇𝑒𝑥𝑡 ≥ 20

         (11) 
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The power of the fan is described by a cubic equation based on rated conditions which considers a minimum consumption, 

equal to that corresponding to 20% of nominal flow rate: 

 

𝑃𝑒𝑙,𝑓𝑎𝑛 = 𝑃𝑒𝑙,𝑓𝑎𝑛,𝑅𝐶 (
max(𝑚̇𝑎𝑖𝑟,0.2𝑚̇𝑎𝑖𝑟,𝑅𝐶)

𝑚̇𝑎𝑖𝑟,𝑅𝐶
)

3

          (12) 

 

𝑃𝑒𝑙,𝑓𝑎𝑛,𝑅𝐶  and 𝑃𝑒𝑙,𝑓𝑎𝑛 are respectively the power at rated conditions and at reduced flow rate, and 𝑚̇𝑎𝑖𝑟,𝑅𝐶 and 𝑚̇𝑎𝑖𝑟  are 

respectively the flow rate at rated conditions and reduced flow rate. 

 

3.3.3 Minimum ventilation rate model 

The model for the determination of the minimum outside air ventilation rate is used to represent DCV and it is based on 

a mass balance of carbon dioxide within the control volume. It considers human effects, represented by the product of the 

number of occupants and the human breathing production rate, equal to 0.3 l/min per person, and natural and mechanical 

ventilation, represented by their product with carbon dioxide concentration gradient, assuming an external constant 

concentration of 400 ppm: 

 

𝑉
𝑑𝐶𝐶𝑂2

(𝑡)

𝑑𝑡
= 𝑟̇ 𝑛𝑜𝑐𝑐 − 𝑉̇(𝐶𝐶𝑂2

(𝑡) − 𝐶𝐶𝑂2,𝑒𝑥𝑡)          (13) 

 

In Eq. (13), discussed in [27], 𝑉 is the building volume, 𝐶𝐶𝑂2
is the carbon dioxide concentration, 𝑟̇ is the human production 

rate of CO2, 𝑛𝑜𝑐𝑐 is the number of occupants, 𝑉̇ is the ventilation rate and 𝐶𝐶𝑂2,𝑒𝑥𝑡  is the external CO2 concentration. This 

model operates the discretization of the time derivative and allows to obtain the ventilation rate for maintaining the value 

of carbon dioxide concentration under the reference value of 1000 ppm. 

 

 

4 Application of the methodology to a specific test case 

In this section the optimized control methodology defined in the previous section is evaluated using a specific test case: 

an educational building. After a short description of the building, the results achieved using the different control strategies 

for the HVAC presented in Figure 2 are shown by comparing the overall energy consumptions. Later the mechanisms 

through which the most significant elements provide the energy savings are investigated, too. 

 

4.1 Test building: detailed description 

The building used for testing the methodology is an educational building located in Pisa (1694 Heating Degree Days), 

used by the School of Engineering of the University of Pisa for lessons and examinations. The building position is 

described with major details in [48]. The building has a total floor surface of about 1560 m2 spread on five floors, and a 

gross volume of approximately 6200 m3 of which about three quarters are occupied by the twelve classrooms present in 

it, while the rest are service spaces. The external building surface, comprehensive of both opaque and glazed, is 

approximately 2000 m2, with glazed surfaces representing only about 15% of the total. The aspect ratio external surface 

on the total volume of the building is 0.33 m-1 which determines a quite compact building. The envelope consists of stone 

walls with face bricks and a reinforced concrete structure. The thermal resistance for every element are derived from the 

building energy label and are presented in Table 1. 
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Table 1. Thermal resistances of envelope elements 

 

The climatic data relative to Pisa and used for the simulation, are presented in Table 2 and are derived from a specific 

database, available on the website [49]. The data provided in Table 3 are relative to a specficic year; in particular the year 

2019, being this the last one with pre-COVID occupancy. Solar radiation has been obtained from another database [50]. 

 

Table 2. Reference outdoor climatic data for Pisa, used in the analysis. 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

𝑮 [kWh/(m2d)] 1.6 2.3 3.3 4.3 5.9 6.4 6.8 5.9 4.4 2.6 1.9 1.4 3.9 

𝑻𝒂𝒗𝒈 [°C] 5.9 8.4 10.5 12.7 14.1 22.8 25.2 25.1 21.3 17.5 12.5 9.5 15.5 

𝑹𝑯𝒂𝒗𝒈 [%] 77.7 77.3 75.3 75.5 78.5 65.1 64.3 65.6 68.5 77.4 87.1 86.6 74.9 

𝒗𝒘𝒊𝒏𝒅 [m/s] 2.7 2.5 3.0 2.3 2.5 1.8 2.0 1.5 2.1 2.3 3.2 3.1 2.4 

 

Concerning the occupancy, as  before COVID-19 pandemic, the building was opened from 8 a.m. to 8 p.m. during 

weekdays, from 8 a.m. to 1 p.m. on Saturdays, and it was closed on Sundays. The occupancy of the various classrooms 

is organized in four periods, two trimesters of lessons (March to May and October to December) and three periods of 

examinations (January to February, June to July, and September). The various periods are characterized by different 

attendance, with significantly greater values occurring during the period of lessons, from October to Decembre, because 

of a greater classroom booking and a greater presence of students. 

The classrooms’ sizes are 160-180 seats for the three biggest ones located in the lower three floors, 65-72 seats for three 

classes located in the upper two floors, 36-38 seats for three other classes, and 18-25 seats for the three classes remaining. 

Accordingly, the maximum number of students reaches 876 units. 

The predicted hourly occupancy has been defined, based on the pre-COVID building schedule, by multiplying classroom 

capacities with an appropriate reduction coefficient, different for considering period of lessons and exams. The reduction 

coefficients considered are variable from 0.5 for the period of examination up to 0.8 for the period of lessons, respectively. 

For what concerns the effective hourly occupancy of each classroom, this value has been estimated by multiplying the 

predicted hourly occupancy for a randomization coefficient, resulting from a uniform distribution between 0.5 and 1, to 

obtain a realistic occupancy profile involving the various absence of the students. The effort of representing a realistic 

occupancy and up-to-date meteorological conditions is essential for providing reliable results. 

 

4.2. Overall energy saving 

In this subsection, the achieved energy saving is analyzed comparing all the control strategies of the HVAC system 

obtained considering the five different options of Fig. 2. The overall energy savings that can be achieved are provided in 

Fig. 6; in particular the energy consumption is normalized with reference to the value obtained using a reference control 

strategy the one defined as CS2 in Fig. 2 and selected as the benchmark configuration. Fig. 6 shows how the overall 

energy consumption is reduced when opting for more advanced solutions, and that the energy saving margin is also 

reduced for advanced control strategies.  

 External walls Partition walls Roof Floor Glazed surfaces 

Thermal resistance [(m2K)/W] 1.07 0.33 0.55 0.39 0.20 
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Comparing the benchmark configuration CS2 with the basic one referred as CS1 (operation at fixed variables typical of 

educational buildings) it is shown how the fan energy consumption can be significantly reduced, of about 85%, but that 

also heating and cooling energy consumptions are reduced to a lesser extent. This is because of the possibility to decrease 

the supply air flow rate when the heating and cooling demand are not the nominal ones. This comparison represents the 

energy savings achievable thanks to the implementation and correct control of VSD fans which represent the transition 

from of a VAV system to a CAV system, which has been considered a measure already implemented to date. 

Comparing the energy consumptions related to CS3 and CS2, it is shown how the overall energy consumption can be 

reduced of about one third due to a lower heating energy reqiorement and fan energy consumption. This is due to the 

reduction of the outside air flow rate when carbon dioxide concentration can be maintained under the concentration 

threshold also with a reduced flow rate. The cooling demand is not reduced by this control strategy since the temperature 

difference between indoor and outdoor air during summer is small compared to that during winter and therefore ventilation 

demand impacts less on the energy consumption. This comparison represents the energy savings arising from the 

implementation of DCV in a VAV system and represents the successful results achievable with the implementation of 

OCC in buildings with a large and variable occupancy. Comparing the results obtained with strategy CS4 to CS3, it is 

shown how the overall energy consumption can be reduced of an additional 10% thanks to a significant reduction in the 

cooling energy consumption, and in the heating energy consumption. 

 

 
Figure 6. Overall energy consumption normalized with respect to benchmark solution. 

 

Comparing CS5 to CS4, it is shown how the overall energy consumption can be reduced of only 1%, summing up to a 

total of 44% of energy savings. This is because the energy consumption of HR equipment represents a very small part on 
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the total and therefore its improvement is negligible. Altogether the two measures based on supervisory control provide 

11% of energy savings which represents one third of the energy savings achievable with the OCC measure. 

In conclusion, the implementation of a series of measures which include the CO2 concentration implementation in the 

control system, the improvement in the operation of the heat pump and the chiller, and an energy-aware supervisory 

controller able to guide the operation of the ER system has led to relevant energy savings for the analyzed academic 

building. Table 3 provides the correspondent electric energy intensity referred to the application of the five different 

control strategies, moving from the less structured one (CS1) to the more complex one (CS5). 

 

Table 3. Electric energy intensity of the building under analysis for the various HVAC control strategies. 

Control strategy CS1 CS2 CS3 CS4 CS5 

Energy consumption intensity [kWh/m2y] 108.02 59.89 39.93 34.16 33.60 

 

For the comparison in terms of primary energy consumption, 218.81 kWh/m2for year is the value declared in the building 

energy label, prior to the implementation of HP as generation system. Even with the worst control strategy (CS1), it is 

evident that the installation of HPs can be highly beneficial for these systems, especially with the increasing share of 

electric energy from renewables, and with their accurate control, as shown by the supervisory control of the supply water 

temperature. 

 

5 Insights on the energy saving mechanism of the proposed measures 

In this section the proposed measures will be discussed individually to gain insights about how the improvements  

obtained and in order to furnish some general elements. As observed in the previous section, one of the relevant measures 

of the HVAC control strategy with the perspective of reducing the energy consumption is the application of a DCV based 

on the effective occupation of the classrooms. The positive effect of the DCV can be appreciatedcomparing the control 

strategy CS 3 with the benchmark strategy, CS 2. As already said, this measure belongs to the basic control layer, 

involving the measurement of only one variable, which is carbon dioxide concentration. This control strategy is used to 

decrease the amount of outside air processed by the HVAC system when indoor air quality can be guaranteed with limited 

air renewal because of the small number of occupants inside the building. A comparison between the hourly energy 

consumption of the HVAC system for the building with and without DCV for the months of mid-seasno, in particular 

February and November is shown in Fig. 7.  

It is shown how in February, period of exams, the energy saving can be really significant, with a total amount of 43%, 

while during the period of lessons, for example in the month of November, the energy savings are quite lower, with a 

total estimated value of 22%. The highest energy savings occur during the days like Saturdays, in which the occupancy 

is at its lowest level. We can say that in general, during the months in which the occupancy is close to the peak value, the 

energy savings are modest, while in months with an occupancy significantly low, the energy savings can be really relevant. 

This suggests the need of considering different time horizons on which to base the extensibility analysis. The 

considerations above can help to identify in which solution, besides academic or scholastic buildings, this measure should 

be implemented. Obviously, it could be more helpful in buildings whose activities are operated for many days of the year 

and many hours of the day. About this, academic buildings which are open for twelve hours ore more, surely represent a 

good choice for implementing advanced HVAC control logics. On the contrary, event-related buildings such as theaters 

or sports halls do not represent a good choice, as their use is limited to the hours in which the event takes place.  
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Figure 7. Energy consumption for February and November with and without DCV. 

 

Following from the considerations made about Fig. 7, a large discrepancy between peak occupancy and normal occupancy 

of the building can be evidenced; this must be considered both on a daily level and on a monthly level, as for the test case 

in which the occupancy varies through the week and through the year following lessons and exams schedules. Based on 

this consideration, buildings such as supermarkets and shopping centers, besides academic ones, could heavily benefit 

from the implementation of DCV, for they have long opening hours, and their occupancy assumes very different values, 

especially based on the specific day of the week. Since the simulation has been carried out on a single zone, the balance 

of carbon dioxide represents an average value on the total volume, which does not consider the different occupancy in 

each classroom. A room approach could have led to smaller energy saving due to the need of calculating the air renewal 

based on the most critical classroom. The savings obtained in this study suggest a great convenience of implementing this 

type of measures, but they should be tested to the specific application. However, the results are in agreement with the 

experimental ones obtained in [51], in which, thanks to the installation of CO2-based ventilation in a retrofit solution of a 

university library, the achieved energy savings are equal to 50% in the most favorable conditions.  

Moving to the effects of an optimal control of the HP and chiller supply water temperature, the energy savings are 

achieved thanks to an improvement in the performance of these devices, represented by COP and EER, respectively. In 

Fig. 8 the comparison between the optimal supply water temperature and non-optimized one is presented along with the 

performance indicator improvements. For both the components, the working conditions have been adjusted to the ones in 

which the performance data are provided, as clearly seen in the step trend assumed by the chiller supply water temperature 

and in the minimum temperature values assumed for the heat pump. It is shown how a more dynamic control of both the 

chiller and the HP can lead to more favorable working conditions.  
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For the chiller, the optimal supply water temperature is always higher than classic one, leading to a better EER value. The 

optimal supply water temperature choices could suggest the implementation of a climatic curve in this component too, 

with a linear trend between 20 °C and 35 °C of outside air temperature. Instead for the heat pump, the optimal supply 

water temperature is always lower than classic one, leading to a better COP. As can be seen from Fig. 8, the performance 

improvement is clearly greater for the HP, although a climatic control was already implemented as opposed to the constant 

temperature control for the chiller. Accordingly, the observed overall decrease in the cooling and heating consumption 

amounts to 9% and 18%, respectively. 

 

 

Figure 8. Chiller and HP working conditions. 

 

The improvements achieved with this solution, but also the overall chiller and heat pump performances, are strongly 

dependent on the climate which they refer to, therefore an extension to other case studies should take into account the 

reference climate of the site. To achieve the proposed optimal control, an exact knowledge of the building energy demand 

and the possibility of varying the machine working condition according to the needs are required. Even with accurate 

predictive models and advanced components, the working conditions required for following the demand could lead to a 

degradation in the performance, as seen by the inverter performance correction at part load. To overcome this problem, a 
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feasible solution could be the integration of thermal storages to adjust the performance at part load and to eliminate the 

continuous on-offs which strongly degrade the performance of these machines. The availability of a thermal storage would 

decouple the demand and the generation, allowing for a more continuous operation of the HVAC. However, it would 

bring the need of producing water at a higher temperature to face the additional heat losses of this system. 

Concerning the last of the proposed to energy savings, the energy-aware control of the HR equipment, it is important to 

provide some insights on the reasons why the energy savings achieved are very insignificant. The first reason is that it is 

a measure which aims to reduce an energy consumption which is limited on its own. The second is that with DCV 

installed, the outside air flow rate is already reduced, leading to the need for a reconsideration of the HR equipment itself. 

In Table 4 the operating hours of the HR equipment for the different configurations are shown. This table shows how, 

with DCV and an energy-aware controller, the hours in which the heat recovery equipment represents a useful element 

are significantly reduced.  

 

Table 4. Operating hours of the heat recovery equipment 

 Without DCV With DCV With DCV and optimized HR control 

Working hours 1769 931 509 

 

The results of this analysis show that various measures of different concept, such as DCV and the control of the HR 

equipment, may come into conflict since they tackle the same energy demand of the building. 

The results have shown very interesting opportunities for energy savings achievable with the implementation of DCV and 

an optimal control of the HP and the chiller, which represent the inclusion of the perspective of occupant-centric and 

supervisory control strategies. The greater significance of the energy savings achieved thanks to OCC indicates the 

direction into which put efforts for a radical change in the operation of HVAC systems in public buildings. 

Concerning OCC, the analysis has evidenced a significant potential for energy consumption reduction in large buildings, 

but its potential extends also to the possibility of raising the status of IAQ to that of the other environmental parameters, 

which represents nowadays one of the major lacks in HVAC operation. The possibility of actively handling the quality 

of this service is essential for adapting to the various conditions that the building is subject to. A prime example of this is 

the new paradigm of building occupation required by infection’ prevention guidelines, both in terms of social distancing 

and in air renewal increase. The availability of such indicator may help to balance the different targets represented by 

environmental quality and occupants’ safety in contrast to energy consumption. Various techniques for the monitoring of 

IAQ were already available on the market such as direct measurement of carbon dioxide or other pollutants’ concentration, 

or indirect measurement based on occupants counting. Any of them had its drawbacks related for example to the accuracy 

of the measurement or occupants’ privacy issues, and therefore none of them stood out as a feasible solution on wide 

scale. However, the restricted access which has become common practice in post-COVID19 building operation, strongly 

simplifies occupancy monitoring since in some buildings such as educational ones the idea is to allow people inside 

building only upon previous booking or occupancy revelation based on direct or indirect sensors, such as cameras or 

smartphones, as diffusely described in [28].  

Beside simplifying the HVAC operation adapting it to effective real-time requirements, it also provides Building Energy 

Management Systems (BEMS) with an information that could be used in advance to perform day-ahead forecasting for 

the purpose of minimizing the energy consumptions. Moreover, the implementation of DCV has suggested the 
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reconsideration of the importance of a device such as the HR even if operated with an advanced control, that does not 

permit relevant energy saving in the different operating conditions. 

Concerning supervisory control, the analysis has evidenced that a significant potential lies in elements which play a major 

role in determining the overall energy consumption of the HVAC system. Hence, elements like HPs, which have been 

proven to provide significant energy savings in other paper of the same authors [52], represent the ideal target for the 

implementation of such techniques. Still concerning HPs, other possibilities arising from a supervisory control which 

could be exploited in the next years are the improved flexibility provided to the electric grid and the operation based on 

economic considerations, with respects both to hybrid and storage-equipped systems.  

 

 

6 Conclusions 

In this study a set of measures aimed to improve the overall energy efficiency of HVAC systems serving large buildings 

subject to variable occupancy are proposed and examined. 

The main idea has been to analyze measures which try to widen the horizons of HVAC systems control on one side by 

including occupant-centric strategies and on the other by including a holistic approach in the control of the various 

occupants. To perform this, the implementation of demand-controlled ventilation and optimal control of the heat pump, 

chiller, and heat recovery equipment have been tested. 

The results have shown that the main energy savings can be achieved with the implementation of DCV, considering the 

real occupancy of the building and secondly with an improved control of the generation section, leading up to more than 

40% of energy savings for the educational building used as a test case with respect to a benchmark case of control (strategy 

CS2), and more than 100% with respect reduced attention is paid to the HVAC control and the regulation of the HVAC 

system is only based on average climatic conditions, paying minor attention to the real occupation of the building.  

The results emphasize a certain hierarchy between occupant-centric and supervisory control; this consideration is also 

strengthened by the situation following from the spreading of COVID-19 pandemic in which a new paradigm for 

building’s opening and occupation is determined. The increased attention for the quality of the indoor environment 

necessitates but can also facilitate the deployment of occupants’ monitoring techniques to face the increase in the energy 

consumption and the risk of infection. Nonetheless, supervisory control has shown great potential if applied to elements 

which contribute to a great part of the energy consumption of the HVAC system, such as the HP and the chiller. Moreover, 

the explored ones are just some of the potentialities arising from these techniques and therefore other solutions could be 

pursued in order to balancing user’s comfort, energy efficiency considering the constraints imposed by safety reasons, in 

public buildings.  
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