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Abstract: The aim of energy efficiency is to use less energy to provide the same service.  
In hospitals, energy efficiency offers a powerful and cost-effective tool to reduce greenhouse 
gas emissions, fuel consumption, and also running costs. Over a six-month period, the six 
gas-fired boilers that provide both a hospital’s heat and hot water were monitored. Analysis 
of the data obtained led to several actions being implemented in the hospital boiler room 
control system to improve the efficiency of the heat production system. Comparative 
studies were conducted, during similar weather periods, of the performance of the 
hospital’s hot water production system before and after the controls were implemented. 
Results indicate that the control actions applied proved to be effective. Finally; the paper 
offers a financial; primary energy saving and CO2 reduction analysis that points to a 
3,434.00 €/week savings in natural gas consumption; and a cut in CO2 emissions of  
20.3 tons/week; as compared to the reference facility. 

Keywords: energy efficiency; hospital; boiler room control 
 

1. Introduction 

Hospitals and health care buildings traditionally have high energy demands for both mechanical 
power and heat. Mechanical power in the form of electrical energy is used for lighting as well as 
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technological and medical equipment. Heat is required for space heating needs, sanitary hot water, and 
steam production. 

Increasing demand for comfort in rooms coupled with high internal loads has led to a significant 
increase in cooling requirements over the last decade. As a result, hospital heating and cooling systems 
which rely on conventional Heating, Ventilation and Air-Conditioning (HVAC) units are both energy 
intensive and expensive. To reduce energy use and greenhouse gas emissions by these facilities, the 
health care sector needs energy efficient solutions operating at the lowest cost [1]. 

This energy is often used inefficiently and may be due to the control/operation of the building [2]. 
Properly functioning control systems (input and output devices, controllers…), are a significant 
contributor to energy efficiency. Problems associated with building controls and operation are a 
primary cause of inefficient energy usage. Hardware failures, software errors, and human factors 
related to the difficulty of use and understanding of control products all conspire to prevent buildings 
from achieving the desired energy efficiency. 

In a 60 building study, researchers at Lawrence Berkeley National Laboratories found that 50% of 
the buildings evidenced control problems; 40% evidenced HVAC equipment problems; 25% employed 
Energy Management Control Systems (EMS) that did not function properly; and 15% had missing 
equipment [2]. This demonstrates that solving control related problems contributes significantly 
towards primary energy saving. 

According to the USA Department of Energy [3], over 50% of the energy used in buildings is 
consumed by HVAC units and lighting systems. However, research has shown that up to 40% of this 
energy can be saved by closely monitoring the state of the building and applying suitable control 
strategies [4]. The complexity of the acquired sensory data and the overwhelming amount of 
information presented makes such control systems difficult to adjust or even understand by responsible 
building managers [5]. 

There are around 800 hospitals in Spain, and the health sector is eminently public in nature, to the 
extent that 108,000 of the country’s 160,000 beds are in public hospitals. Consumption in the hospital 
sector in Spain reached 0.6 Mtep, accounting for 6% of the total service sector consumption, and 
representing expenditure amounting to some 600 million euros. Energy consumption studies 
performed in Spanish hospitals are shown in Table 1, and reflect mean energy consumption per bed in 
one year for the various areas of consumption [6]. 

Table 1. Mean energy consumption per bed and year in Spanish hospitals. 

Hospitals Electricity  
(kWh/bed·year) 

Natural gas  
(kWh·HHV/bed·year) 

Diesel  
(kWh·HHV/bed·year) 

Propane  
(kWh·HHV/bed·year) 

>300 beds 10,043 14,722 6,733 102 
<300 beds 8,885 7,987 12,695 229 

Hospitals provide a wide range of services, each of which has its own specific energy requirements. 
These needs, however, are met through centralized management systems. The energy consumed in a 
hospital is directly proportional to demand and inversely proportional to system efficiency. Demand 
depends primarily on: the skin of the building, the use to which the building is put, ventilation 
requirements, prevailing weather conditions in the area, and so on [7]. 
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System efficiency requires properly designed system components, suitable interrelation amongst 
components and control strategy for each element, as well as for the system as a whole. This is 
reflected when considering the various factors involved in a centralized heating system (see Figure 1): 
(a) the functions of the equipment (heat production, distribution, and thermal emittance); (b) thermal 
reservoirs (boilers, distribution, thermal emittance, premises, and outdoor environment); and  
(c) communication and regulation (generator, distribution, thermal emittance, general control). 

Figure 1. Block diagram of a standard heat generating system. 

 

The regulation and control of all these factors that intervene in a central heating system require 
Building Automation and Control Systems (BACS). BACS include information concerning all signals 
from the buildings in order to get “intelligent buildings”. The systems integrated into the BACS pursue 
diverse and very different purposes, so integration issues are of particular importance. Compared with 
the field of industrial automation, building automation has specific and different characteristics [8]. 

This has created a large quantity of research to improve HVAC energy by monitoring and regulation 
BACS. Vakiloroaya [9] presented the improved energy efficiency of an air cooling plant, introducing the 
model-based gradient projection optimization method. Chung [10] developed a communication software 
that collects data on energy consumption and estimates consumption. Bujak [11] improves the energy 
efficiency of a steam thermal power plant using mathematical modeling; Klein [12] reduced energy 
consumption by increasing the number of sensors and computational support of the Energy 
Management Control Systems (EMCS). Yoshida [13] performed an analysis of energy supply in 
hospitals, based on a sensitivity analysis. Ma and Wang [14] improved the control strategy of a 
centralized cooling plant’s efficiency. Beghi [15] has designed an adaptive control for a toilet  
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air-cooled chiller, which has managed to increase energy efficiency by 3%–7.3%; while Liao [16] 
studied a load prediction by occupation in commercial buildings. West [17] presented an optimised 
supervisory model predictive control (MPC) system for heating, ventilation and air conditioning 
(HVAC) in commercial buildings. 

As is clear from these reviews, improving energy efficiency by developing new software packages 
for BACS is a very broad research field, due to the large number of variables and parameters that have 
to be considered. The EMCS currently ensures the safety and operation of energy facilities, but the 
optimal energy efficiency of the installation still requires work and experimentation. 

This article describes the improvements in energy efficiency in a centralized heating facility in  
a 600-bed hospital complex covering a built-up area of 170,000 m2. The implemented improvements 
reduce the periods in which the hospital’s heat production system is on STANDBY, and therefore, also 
reduces the TRANSITION times. Improvements were made over the summer for three reasons:  
(i) tests and adjustments have less impact on the hospital’s comfort level; (ii) results can be fully 
extrapolated to winter, as well as periods between the extreme seasons; and (iii) the cost of performing 
tests is lower, since these are carried out when the boilers are working at less power. 

2. Materials and Methods 

2.1. Methodology for Reducing Hospital Costs through Energy Efficiency 

The energy efficiency of an HVAC installation is improved by a process of energy management. 
Energy management is a cyclical process (see Figure 2), with the following sections: (i) Initial state; 
(ii) Analysis of information; (iii) Proposed actions and implementation; (iv) Analysis of results. Once 
these four phases are completed, the process of collecting data begins again to assess the improvement 
in energy efficiency and continue the process of continuous improvement [18]. 

Figure 2. Methodology for increasing the energy efficiency of an Heating, Ventilation and 
Air-Conditioning (HVAC) installation. 

 

This method is applicable to HVAC facilities as a whole (full system) or to sub-systems. In both 
cases, the variables which the particular environment imposes on the system or sub-system need to be 
known. Given the complexity of a 600-bed hospital’s HVAC facilities, the best option is to undertake 
the analysis in subsystems. In this case, work began with one of the subsystems which has the greatest 
impact on the hospital’s energy consumption, the heating system. Since the case in hand was a fully 
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operational hospital, a study was carried out over the summer, since any problems in the HVAC 
system during the winter would prove totally unacceptable. BACS is a system which allows data to be 
gathered and analyzed systematically, and which in many instances enables the proposed actions to be 
implemented, in such a way that, throughout the study, close attention must be paid to the system’s 
configuration and functioning [19]. 

The boiler room’s energy efficiency may be determined directly as a ratio between useful power 
and power consumed. However, if a more detailed analysis is to be performed, an indirect evaluation 
should be carried out in terms of the system’s losses, linked to the useful energy as indicated in 
Equation (1): 

nconsumptioPower 
Loss - ncomsumptioPower 

=
nconsumptioPower 

power Useful=η ∑  (1) 

The heat station efficiency is determined in specific periods of time, which might be annual, in 
winter, summer, and so on, using power consumption and loss over a particular period of study. 

Over a given period of its functioning, the system may be in one of three modes: 

(a) ON: when generators supply energy to the system. In these cases, it is assumed that the 
building requires energy. Losses associated to this mode are: 

 Heating stack loss (Ph). 
 Losses caused by the facility’s convection and radiation (Pcd). 
 Losses caused by maladjustments in the control system (Pr). 

(b) STANDBY: when generators supply no energy to the system. In these cases, it is assumed that 
the building requires no energy. Losses associated to this mode are: 

 Heating stack loss caused by chimney draught (Pi). 
 Losses caused by the facility’s convection and radiation (Pcd). 
 Losses caused by maladjustments in the control system (Pr). 

(c) TRANSITION STAGE: when the system generators switch from STANDBY to ON. In these 
cases, the building changes from requiring no energy to requiring energy. Losses associated to 
this mode are: 

 Losses caused by flue gas vent (Ppr). 
 Losses caused by the facility’s convection and radiation (Pcd). 
 Losses caused by maladjustments in the control system (Pr) [20,21]. 

When determining a system’s efficiency over a given period, the system is checked to see whether 
it has been: in ON mode (tON), in OFF mode (tSTANDBY), or in transition mode (tTRANSITION). The 
system’s total energy loss is calculated as: 

ON h cd r STANDBY i cd r TRANSITION pr cd rLoss= ( + + )+ ( + + ) ( + + ) t P P P t P P P t P P P× × + ×∑  (2) 

Power consumed will be the power of the boiler (Pboiler) during the time it was ON and is calculated as: 

ON boilerPower consumption t P= ×  (3) 

Replacing all these terms in the system’s efficiency expression for a specific period gives: 
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ON boiler ON ON STANDBY STANDBY TRANSITION TRANSITION

ON boiler

η=
t P t P t P t P

t P
× − × − × − ×

×
∑ ∑ ∑  (4) 

This expression reflects how losses can be reduced by using more efficient equipment and recovery 
systems when the system is ON, although losses cannot be totally eliminated. However, it is possible 
to eliminate losses when the system is in STANDBY or TRANSITION mode by suitably adapting the 
equipment to demand and by eliminating transition periods. Improvements in the boiler room’s energy 
efficiency will reduce transitional periods, which will mean that the boilers operate continuously as 
much time as possible. 

2.2. Description of the Hot Water Distribution System in the Hospital 

The boiler and hot water distribution system in the hospital came into operation in 2009. The 
hospital comprises several large buildings, consisting of four floors, with 600 beds, operating theatres, 
as well as technical and consultation rooms. It operates every day of the year on a 24-hour-a-day basis. 
Gas-fired boilers were installed to meet the hospital’s heating demands. The boiler room comprises  
a group of six gas-fired boilers. These boilers are the Eurobloc-super standard model, manufactured by 
Vulcano-Sadeca [22]. Burners are the Weishaupt RGL (R: modulating regulation; G: gas and L: liquid 
fuel) model, which combines diesel/natural gas burners. Four boilers (B1, B2, B3, and B4) are 
equipped with a heat power of 4000 kW each. Boiler 5 (B5) has a 2300 kW generator, and boiler 6 
(B6) has an 1100 kW generator. Such a variety of powers allows a wide range of possibilities to adapt 
to the hospital’s energy requirements. Hot water produced by boilers is pumped through pipes by 
means of two circuits: 

 Primary circuit (red in Figure 3): The gas-firedboilers are connected to this circuit which is  
a closed loop. When hot water leaves the boilers, the supply pump units drive it through the heat 
exchangers, transmitting heat to the air and to the sanitary water. The water then returns to  
the boiler by means of return pump units. 

 Secondary circuit (blue in Figure 3): The hot water flowing through this circuit is used to supply 
heating requirements in certain areas of the hospital (patients’ rooms, operating theatres, and  
so on) by means of fan coils, and to heat sanitary water stored in tanks. In both cases, heat 
transfer is carried out through heat exchangers. 

The flow in the primary circuit is variable, while the flow in the secondary circuit is constant. The 
bypass enables differences in water flow to be compensated for. This bypass also helps to raise  
the temperature of the water returning to the boilers, making the temperature jump in the boiler the 
best possible. 

Energy management and control systems (EMCS) in buildings are widely used due to their high 
potential for saving energy and cutting consumed energy expenses. The goal of an EMCS is to combine 
indoor comfort conditions at the zone/room level of the building with an energy saving strategy, 
monitoring the performance of the overall system and adapting the control strategy accord-ingly [23,24]. 
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Figure 3. Primary and secondary circuits of the hospital’s hot water distribution system. 

 

The hospital EMCS integrates sensors, actuators, interfaces, controllers, local area network (LAN) 
and two PCs for monitoring. All of them are interconnected in a centralized control architecture.  
The EMCS controls and monitors a wide variety of services, such as radiator systems, fan coil units, 
air handlers, gas-fired boilers, sanitary hot water, as well as monitoring medical gases. 

All the control components for producing heat and domestic hot water in the hospital are 
manufactured by Trend® (Horsham, UK) [25,26]. A LON (Local Operation Network) connects all the 
controllers Trend with trade name IQL, and four Local Area Networks (LANs) link up the controllers 
Trend with trade name IQ2XX. Trend 963 software allows data, control settings, and the development 
of the new control strategy for boiler controllers to be monitored. 

Figure 4 shows the architecture of the EMCS systems with four LANs, interconnected through  
an internet network by means of cards Trend with trade name INC2. Two PCs in the hospital control 
room are linked through LAN networks by means of cards Trend with trade name CNC2. 

Figure 4. The architecture of the hospital EMCS. 
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The controllers of the six boilers that make up the hospital’s heat generating system are linked to 
the LAN 4 network. Boilers 1, 2, 3, and 4 use controllers Trend with trade name IQ246, and boilers 5, 
and 6 use controller IQ204. In addition, the Weishaupt-Bremer modulating burner in each of the 
boilers allows the PID (Proportional-Integral-Derivative controller) controller parameters to be regulated. 

Improvements in the control strategies were implemented and tested in the primary circuit of the 
hospital’s hot water distribution system (see Figure 4), and more specifically in the functioning of 
boilers 5 and 6, which are responsible for supplying the hospital’s heating requirements. 

3. Application of the Methodology for Energy Efficiency in the Hospital 

3.1. Hospital Boiler Control System: Initial State 

The initial basic requirements related to boilers 5 and 6 for providing the hospital’s heating 
requirements are: 

 The hot water supply temperature is controlled to meet the setpoint, depending on which 
services are required by the hospital. Setpoint temperatures may be fixed (the same value over 
time) or variable (based on building loads or outdoor-air temperature). 

 The most efficient groups of boilers at each moment should be used. That is, the groups of 
boilers which best fit the specific needs at any given moment. 

 The number of boiler stops and starts should be minimized, so as to reduce both consumption 
and mechanical wear. 

Regulating the heat production system for heating and sanitary hot water in the hospital involves 
three parameters which affect system performance: 

 Boiler hot water supply temperature. 
 Burner power. 
 Burner controller PID parameters. 

When we started the analysis of the control system that regulates boilers 5 and 6 for providing  
the hospital with heat and hot water, the setpoint of the hot water supply temperature was 77 °C.  
The burners of these boilers incorporate a thermostat which, for safety reasons, switches off when the 
water temperature rises 6 °C above the setpoint (83 °C). The burners of boilers 5 and 6 were initially 
adjusted so that their minimum operating power was 50%. These burners are controlled by PID. The 
default values (given by the manufacturer) of these burners are: 

• Maximumburneroperatingpower: 100% 
• Minimum burner operating power: 50% 
• Setpoint hot water supply temperature: 77 °C 
• Safety stop hot water temperature: 83 °C 
• PID burner: Kp = 10 
• PID burner: Ti = 10 s 
• PID burner: Td = 10 s 
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Using these initial regulation parameters, data of the hospital’s heat production system were 
collected over a six-month period. The evolution of the “hot water supply temperature” and “burner 
power” was saved. Data for these variables were taken each two seconds. 

Figures 5 and 6 show some of the data collected. Specifically, Figure 5 shows the evolution of  
the hot water supply temperature in boiler 5 for one hour (early afternoon: 12 h 50’–13 h 50’). Figure 6 
shows the burner operation power of boiler 5 during the same period of time. 

Figure 5. Boiler 5: Hot water supply temperature (°C). 

 

Figure 6. Boiler 5: Burner operating power (%). 

 

3.2. Analysis of Information 

Analysis of Figure 5 indicates that the hot water supply temperature takes a maximum value of  
84 °C and a minimum of 71 °C. There is a wide oscillation of 13 °C over one period (early afternoon: 
12 h 50’–13 h 50’) when the hospital heating requirements remain constant. Hot water supply 
temperature should therefore evidence “very few” oscillations. 



Energies 2014, 7 3291 
 

 

Analysis of Figure 6 shows that the burner in boiler 5 switched on and off several times during  
one hour, for a period when hospital heat demand remained unchanged. A thorough analysis of the 
data collected over six months allowed us to pinpoint the following problems: 

 The hot water supply temperature in boiler 5 displays a major variation (around 13 °C).  
This indicates that the PID of the burner in boiler 5 is not well tuned, is too slow, and lacks 
predictive ability. 

 There are significant drops in temperature corresponding to the burner switching off (over a  
45-min interval, boiler 5 switched on and off several times, which is far from desirable. When 
the hot water supply temperature gets too high, the burner should decrease its power. It cannot 
because it has a minimum burner operating power set at 50%. 

 Continuous stop-starts in the boilers increase the standby and transition times, leading to a 
reduction in boiler performance. This means that tSTANDBY and tTRANSITION play a major role in 
the power plant functioning, leading to increased plant losses. This is due to maladjustments in 
the power plant. It is unable to adjust the power consumed to the power actually required by  
the hospital. This irregular functioning of the boilers leads to significant variations in the hot 
water supply temperature. 

With the original (given by the manufacturer) boiler control system, hospital heat demand is highly 
unstable and changing. The boilers stop-start too often, leading to wide variations in hot water supply 
temperature. The hospital boiler control system is unable to cope with changes in demand, which leads 
to strong variations in the hot water temperature of the distribution circuit. Our goal is to solve the 
problems of continuous boiler stop-starts, and to avoid major variations in hot water supply 
temperature, by implementing a series of actions in the hospital boiler regulation and control system. 

3.3. Proposed Actions and Implementation 

Having analyzed the data and determined the problems, four actions were proposed and 
implemented on boiler 5 and 6 control systems. 

Action 1: Reducing the Lower Limit of the Burner Operating Power 

The first action was to reduce minimum burner power from 50% to 30% in boiler 5, and from 50% 
to 40% in boiler 6. These boilers are mixed-type burners, and can use natural gas or diesel as fuel. This 
means that the minimum power cannot drop too low. If the power falls below 30%, there will be 
excess air which will increase the amount of oxygen at the boiler outlet. The flue gas temperature 
decreases and there is a danger of condensation. 

Action 2: Tuning PID Parameters to Regulate the Burners of Boilers 5 and 6 

Gas-fired boilers use burners which transform the energy contained in gas into thermal energy. 
They are used in hospitals to supply heating and sanitary hot water needs. In order to achieve high 
levels of energy efficiency in hospitals that use gas-fired boilers, efficient control and regulation 
systems need to be installed. 
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PID controllers have been widely used in boiler control for a long time. Appropriate tuning of PID 
controller parameters is achieved through a range of techniques [27], and by drawing on the experience 
of the “facility operator”. However, the non-linear nature of the boiler being controlled makes it difficult 
to find the correct values for the PID controller parameters, so it is not easy for the PID controller to 
achieve effective on-line control. Other more complex control techniques, such as fuzzy control, neural 
networks, adaptive control and predictive control, will improve hospital control system efficiency. 

In the hospital covered in this paper, the control system for the boilers is based on a conventional 
PID controller. For financial reasons, it was not possible to change the burner controller of the boilers. 
We therefore fine-tuned the burner PID controllers, while the hospital was operating 24 h a day,  
365 days a year. 

The variable to be controlled is the hot water supply temperature, to ensure that it is around  
the setpoint supply temperature (77 ± 3 °C), and also to ensure the boiler control system responds to 
changes in heat demand, by rapidly dealing with these variations. 

The burner PID controller of boilers 5 and 6 was initially regulated with the default parameters set 
by the manufacturer (Kp = 10, Ti = 10, Td = 10). These parameters are not appropriate for the facility, 
since, as seen in Figures 5 and 6, the control system for generating heat is unstable, slow, and cannot 
be predicted. 

When regulating a real system which is already operating, such as hospital boilers, one of the most 
commonly used methods for tuning the PID is the so-called “empirical adjustment”. This is based on 
an analysis of the system’s response features in a closed loop. In our system, we use empirical adjustment 
based on the Ziegler-Nichols method [5]. 

We tried two different approaches: 

• The stability margin method: In this case the controller is switched to pure “proportional action”. 
The gain of the P controller is continuously increased until the closed loop shows permanent 
oscillations. In the hospital, is not very suitable to drive the plant into permanent oscillations. For 
this reason, we could not get appropriate values for PID parameters using this approach. 

• The step response method. This method is based on measurement of the system response to a 
step input. We used this second method to tune the parameters of PID. The PID parameters 
shown in Table 3 were obtained using this second method. 

After applying the Ziegler-Nichols based empirical adjustment method to our heat generating 
system, the parameters calculated and programmed for the burner PID controller of boilers 5 and 6 are: 

• PID burner: Kp = 10 
• PID burner: Ti = 10 s 
• PID burner: Td = 10 s 

Action 3: Boiler Control Sequence (for boilers 5 and 6) 

Including the boiler operation sequence is important to achieve energy efficiency. In order to make 
heat production adjust to heat demand in the hospital, we implemented a control sequence for boilers 5 
and 6, adapted to the hospital’s outdoor-air temperature. Table 2 summarizes the boiler control 
sequence for boilers 5 and 6. 
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Table 2. Boilers 5 and 6: Control sequence. 

Outdoor-air temperature Operating priority Support sequence 

OT ≤ 32 °C Boiler 5 (B5) Power (B5) > 75% for 3 min → B6 on 
Power (B6) ≤ 40% for 3 min → B6 off 

OT > 32 °C Boiler 6 (B6) Power (B6) > 75% for 3 min → B5 on 
Power (B5) ≤ 40% for 3 min → B5 off 

A test with different Outdoor-air Temperature (OT) values (OT = 25, 28, 30, and 32 °C) was 
performed to study what the OT is for which hospital heat demand can be covered with only boiler 
output 6 (the smallest). Results showed this to be with OT = 32 °C, since with this value the system 
performed better. Consequently, if OT ≤ 32 °C, boiler 5 works as the main boiler, whereas if OT > 32 °C, 
boiler 6 will be the main boiler.With this OT value, we programmed a support sequence for boilers 5 
and 6 (see Table 2), given by: 

 If the priority boiler is working at 75% power for more than three minutes, the other boiler 
automatically switches on to support it. 

 If boilers 5 and 6 are operating, the support boiler will switch off automatically once it has been 
running at <40% power for three minutes. 

A three-minute waiting period was chosen to prevent the support boiler starting/stopping unless it 
was really required to do so. If hospital heat demand increases, and the priority boiler is able to cope, it 
will increase its power over a short period of time, and the boiler will decrease its power once the heat 
demand has been covered. In this case, the support boiler does not switch on. However, if the priority 
boiler is unable to cope with the increased heat demand, and has been running at 100% power for over 
three minutes, the support boiler switches on, and the two boilers will be working to cover hospital 
heat demand. 

Action 4: Variable Setpoint for Hot Water Supply Temperature 

The hot water supply temperature should be based on hospital heat demand and outdoor-air 
temperature. When outdoor-air temperature decreases: 

 The hospital areas to be heated need higher air supply temperatures to reach comfort 
temperature, and 

 Hot water is cooler and requires more heat input for heating. 

When outdoor air temperature increases, the opposite occurs. 
We have developed a new boiler control strategy based on the variable setpoint for the hot water 

supply temperature, depending on outdoor air temperature. This new control strategy seeks to achieve 
a better adaptation between hospital heat production and heat demand, maximum energy efficiency  
for the facility, and lower costs (by consuming less gas and electricity). 

The user can choose between the fixed setpoint (manual mode) and the variable setpoint (auto 
mode). Figure 7 shows the screen for selecting the setpoint mode. In “auto” mode, the user chooses the 
Outdoor-air Temperature (OT, minimum and maximum values), and the boiler hot water Supply 
Temperature (ST, minimum and maximum values). The control system makes the linear interpolation 
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between these points, obtaining a linear variation of the hot water supply temperature, whose specific 
value at each moment will depend on the outdoor air temperature measured outside the hospital. 

This new variable setpoint control strategy was programmed for the six boilers in the hospital, 
although, for the time being, it has only been tested and analyzed with boilers 5 and 6. 

Figure 7. Boiler 5: Variable set point strategy for hot water supply temperature. 

 

4. Analysis of Results 

The results of monitoring the hot water supply were analyzed to determine the technical, financial, 
and ecological performance of the actions implemented on boilers 5 and 6 of the hospital. 

4.1. Results Analysis with Actions 1 and 2 Implemented 

Actions 1 and 2 were performed in the hospital on 2 August. Figure 8 shows the temperature 
monitoring of the hot water supply for boiler 5 during one hour (13 h–14 h, 13 August 2011).  
The setpoint is 77 °C. The hot water supply temperature ranges between 73 and 79 °C, an oscillation of  
6 °C. This is a good result compared to the 13 °C oscillation shown in Figure 5. 

Figure 8. Boiler 5: Hot water supply temperature evolution (°C) forone hour, 
implementing actions 1 and 2. 
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Figure 9 shows the burner operating power for boiler 5 during one hour (13 h–14 h, 13 August 2011). 
The burner does not stop. It works by adapting its power to the hospital heat demand. This result is 
better than that depicted in Figure 6, where the burner of boiler 5 switched on and off several times 
during one hour, causing boiler energy loss and thermal fatigue. Therefore, in boiler 5, demand and 
consumption are adjusted by regulation, and not by the boiler stopping and starting. 

Figure 9. Boiler 5: Burner operating power (%), implementing actions 1 and 2. 

 

Figure 10 shows the temperature monitoring of the hot water supply for boiler 5 between 30 July 
2011 and 8 August 2011. The set point is 77 °C. It should be pointed out that between 9 h and 11 h on 
the morning of 4 August 2011; combustion tests were carried out on boilers 5 and 6 as part of 
preventive maintenance. 

Figure 10. Boiler 5: Hot water supply temperature evolution (°C) implementing actions 1 and 2. 

 

Before 2 August 2011: 

 The mean hot water supply temperature in boiler 5 is around 80 °C. Oscillation ranges between 
70 and 84 °C→ ±7 °C. 
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After 2 August 2011: 

 The mean hot water supply temperature for the boiler is around 77 °C (setpoint temperature). 
The temperature varies between 74 and 80 °C → ±3 °C. 

 Temperature peaks have been smoothed and are shorter. By implementing actions 1 and 2, 
boiler 5 is able to respond rapidly to changes and quickly stabilizes when dealing with changes 
in demand. Its behavior is much better than that shown in Figure 5. 

4.2. Results Analysis with Actions 1, 2, and 3 Implemented 

Although oscillations in the hot water supply temperature in boiler 5 have been cut substantially and 
the boiler’s control system is running stably, implementing action 3 (boiler control sequence) improves 
the heat generating system’s performance even more, as can be seen in Figure 11. In Figure 11: 

 Green line: Boiler 5 supply temperature; 
 Red line: Supply temperature into the circuit; 
 Blue line: Boiler 6 (1 = ON and 0 = OFF); 
 Priority boiler: Boiler 5, support boiler: Boiler 6. 

Figure 11 shows the temperature monitoring of the hot water supply for boiler 5 (implementing 
actions 1, 2, and 3), from 18 h (15 August 2011) to 10 h (16 August 2011). The setpoint is 77 °C. This 
interval includes the early hours of the morning (05 h–09 h), when demand is higher because hospital 
machinery and equipment, which is off during the night, starts up. 

Figure 11 shows how, when the hot water supply temperature in boiler 5 decreases (around: 00 h, 
06 h 30’, 07 h 30’), boiler 6 automatically fires up to support boiler 5. This prevents a decrease in hot 
water temperature, keeping the hot water temperature almost constant (around setpoint). The 
temperature oscillation range has been cut, and now only varies between 75 and 80 °C. 

Figure 11. Boiler 5: Hot water supply temperature evolution (°C) implementing actions 1, 2, and 3. 
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4.3. Results Analysis with Actions 1, 2, 3, and 4 Implemented 

Finally, Figures 12 and 13 show the results achieved after implementing all the actions described 
above on boilers 5 and 6. 

Figure 12 shows the temperature monitoring of the hot water supply for boiler 5 from 19 August 2011 
to 30 August 2011. Temperature setpoint is constant (77 °C) until 23 August 2011. The setpoint then 
varies following the strategy shown in Figure 7. This setpoint variable is characterized by the following 
values: Minimum OT = 17 °C, maximum OT = 26 °C, minimum ST = 75 °C, maximum ST = 79 °C. 
This figure shows hot water temperature oscillations to suit the variable setpoint programmed. 

Figure 12. Boiler 5: Hot water supply temperature evolution (°C) implementing actions 1, 
2, 3, and 4. 

 

Figure 13. Boiler 5: Hot water supply temperature evolution (°C) and outdoor-air temperature. 
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Figure 13 shows temperature monitoring of the hot water supply for boiler 5 (red line) as compared to 
the outdoor air temperature monitoring (blue line) from 17 h (30 August 2011) to 09 h (31 August 2011). 
This figure shows that the supply temperature is lower during the warmest part of the day (18 h–23 h). 
During the night and early hours of the morning (23 h–8 h), when the outdoor air temperature 
decreases and demand is greatest (due to firing up machines and equipment which lies idle overnight, 
and hospital patients using bathrooms), the supply temperature is higher. 

Therefore, after this analysis, we conclude that the four actions implemented on boilers 5 and 6 
allow the boiler control system to respond appropriately to changes in both outside temperature and 
hospital heating requirements. 

4.4. Primary Energy Savings, CO2 Reduction and Financial Analysis 

The hospital is a major energy consumer. The company supplying natural gas offers access to  
an online application through which all kinds of information can be obtained: consumption, service 
conditions, and troubleshooting. This application allows us to choose between daily or hourly 
consumption depending on how much detail we want. 

To determine primary energy saving, a comparison was made between the natural gas consumption 
in the week of 18 to 24 July 2011 (hospital boiler control system running in initial state, with no action 
of control implemented), and the week from 12 to 18 September 2011 (hospital boiler control system 
running in initial state, with control actions 1, 2, 3, and 4 implemented). As it is summer, only boilers 5 
and 6 were considered in the study. The other four boilers are not required during the summer. We 
chose these two weeks because, as shown in Table 3, outside temperatures (maximum, minimum, and 
average) are very similar, suggesting very similar heating demands in the hospital. Figure 14 shows 
temperature variations during days 18–24 July 2011, and 12–18 September 2011. 

Table 3. Temperature values during the weeks analyzed. 

Weekly temperatures Maximum °C Minimum °C Average °C 
18–24 July 2011 27.7 14.2 20.9 

12–18 September 2011 27.5 14.9 21.2 

Figure 14. Temperature variation during 18–24 July 2011 and 12–18 September 2011. 
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Analysis of hospital gas consumption over two weeks, taken from the natural gas company’s web 
application, has allowed us to calculate Table 4. 

Table 4. Energy, cost, and emissions during the week. 

Days 
Gas consumption 

(Nm3) 
Heating supply 

(kWh) 
Gas cost  

(€) 
CO2 emissions 

(ton) 
18–24 July 2011 24,188.0 289,772 9,283.00 55.2 

12–18 September 2011 15,239.0 182,557 5,849.00 34.8 
Reduction (37%) 8,949.0 107,215 3,434.00 20.4 

The financial valuation shown in this table was obtained considering a price of 0.032597 €/kWh. 
This corresponds to the unit price of the variable term of the hospital’s gas bill. Using the price 
considered and the consumption recorded, an estimated saving of 3,434.00 € was made between the 
two weeks studied. 

If this result for one week were extended to the whole of the summer period (June–September →  
16 weeks), the estimated saving in costs would be: 

3,434.00 €/week × 16 weeks = 54,944.00 € 

Even though, in a large facility such as a 600-bed hospital, gas consumption costs are enormous, 
being able to cut this amount by around 55,000.00 € represents a considerable saving, and one not to  
be ignored. 

Figure 15 shows the cost of gas each hour over the two weeks analyzed in the study (1 week = 168 h). 
A comparison is made between the cost of one week in July (18–24) 2011, and one week in September 
(12–18) 2011. 

The impact of the four actions implemented in the control system of boilers 5 and 6 related to CO2 
emissions over the two-week monitoring period indicated above was calculated, and is shown in Figure 16. 

Figure 15. Cost of gas consumption (each hour). 

 



Energies 2014, 7 3300 
 

 

Figure 16. CO2 emissions (g). 

 

The CO2 values indicated in this figure are calculated from the combustion reaction of natural gas. 
Analysis of this reaction allows us to estimate the number of grams of CO2 emitted for each Nm3 of 
natural gas burned: 

2 2 4 4 2
3 3 

4 2 4 4 4

1 mol CO 44 g CO 1 mol CH 830 g CH g CO2282.2
1 mol CH 1 mol CO 16 g CH 1 m N CH m N CH

× × × =  (5) 

CO2 emissions are a direct function of natural gas consumption at the facility. As a result, when the 
amount of gas used falls, the number of grams of CO2 emitted into the atmosphere also falls. 

Figure 15 indicates that emissions corresponding to the week after control actions were taken  
(12–18 September 2011) are clearly lower. CO2 emissions due to the improved control system of 
boilers 5 and 6 are 37% in the comparative study performed for the two weeks chosen. This represents 
a 20-ton reduction in the CO2 emitted to the atmosphere. 

5. Conclusions 

The actions performed to regulate and control the hospital boilers allow us to conclude that: 

• The reduction in the minimum limit of the burner power has managed to prevent the boilerfrom 
continually switching on and off, as a result of reaching high working temperatures at moments 
of low demand. 

• Appropriate PID controller tuning to regulate the boiler burner allows hot water supply 
temperature variations to be smoothed. Temperature peaks are smoothed and are shorter. When 
dealing with changes in hospital heat demand, the boilers are able to respond rapidly to changes 
and quickly stabilize. 

• Implementing a boiler control sequence leads to a decrease in the time intervals in which the 
boiler is operated at high power being achieved. This increases boiler lifespan as well as more 
efficient running. Thanks to the support boiler, disturbances caused by changes in hospital heat 
demand are damped more quickly, thus reducing peak temperatures in the hot water. 
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• After implementing the variable setpoint, the hot water supply temperature of the boiler increases 
and decreases with the outdoor air temperature throughout the day, thereby reducing temperature 
fluctuations in the primary circuit, so it operates more in line with hospital heat demand. 

We conclude that the four well-designed actions implemented to improve the control strategy of the 
hospital boilers are able to provide heating in a highly efficient manner. Control cannot overcome a 
facility’s design faults, but can improve its performance, as has been evidenced by the results achieved 
in this paper. 

Financial analysis points to a 55,000 € reduction in costs in summer (June–September), as compared 
to the costs with the manufacturer’s original control system. Furthermore, the system was able to cut CO2 
emissions by over 20 tons between June and September. There is a total primary energy saving that 
corresponds to a 37% reduction in CO2 emissionsas compared to the reference installation. 

These findings show that a boiler control system which implements the actions described will prove 
an environmentally friendly and financially feasible option for hospital heating. 
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