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ABSTRACT

	 The energy requirements for most residential and commercial 
buildings show both annual or seasonal, and daily variations. In addi-
tion, depending on the electrical rate schedule and location, there can 
be time-of-use variation in the prices a customer pays for electricity. 
Such facts make it harder to select (a) the best-fit equipment for the host 
building and (b) the best operating strategy for the selected equipment. 
This article proposes a mixed integer programming (MILP) model to 
help decide the optimal make up of a prospect cogeneration system as 
applied to a residential complex located in Zaragoza, Spain. The model 
considers the possibility of whether to use or not a set of proposed al-
ternative technologies within a previously defined superstructure. Such 
superstructure is defined through binary variables and takes into ac-
count the optimal operation of all feasible combinations of technologies 
throughout a typical meteorological year. The model’s objective function 
is to minimize the total annual cost, which includes the cost of invested 
capital, subject to technical, economic and legal constraints.

INTRODUCTION

	 The energy consumption in residential and commercial buildings in 
developed countries continues to grow. Thus, central plants to provide 
energy services (utilities) for new and existing urban complexes and 
larger buildings present a significant opportunity for cogeneration sys-
tems. The advantages include greater overall energy efficiency, improved 
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quality of energy supply and, above all, lower cost for the building 
utility services. From a system performance perspective, there are three 
essential factors which favor installing integrated energy supply systems: 
(i) the correct combination of certain types of technologies reduces the 
primary energy input and the fuel bill between 30 to 60%; (ii) natural gas 
utilization as fuel allows the introduction of new technologies such as 
gas engines, low temperature and condensing boilers, gas engine driven 
chillers and gas fired absorption chillers; and (iii) the installation of en-
gine generators and energy efficient gas-fired refrigeration technologies 
reduce electrical demand during peak cooling times. Next, from a market 
economics view point, electrical deregulation has in general contributed 
to an increase of electricity prices during the periods of higher electrical 
demand during cooling seasons.
	 The commercial availability of a large variety of energy conversion 
technologies and the need to integrate them in the most energy efficient 
way make the process of selecting the best combination of such tech-
nologies a difficult and tedious task (Serra et al, 2009). In addition, for 
a given site, there are often several technically feasible combinations. 
In the industrial sector, this problem has been dealt with successfully 
(Biegler et al, 1997) using MILP techniques; with the advantage that 
most industrial facilities show less variation in energy demand than their 
residential or commercial counterparts. The mathematical foundation of 
applied MILP can be found in Nemhauser and Wolsey (1999). Horii and 
Yokoyama et al (1987, 1994, 2002) and Lozano et al (2001, 2009, 2010) 
have applied such techniques to cogeneration systems design for (a) the 
selection of the number and size of equipment to be installed and (b) to 
find the optimal way of operating the equipment.
	 This article proposes an optimization model for the synthesis of 
energy supply systems in buildings, based on the comparison of the eco-
nomic annual balances for all feasible plant configurations contained in 
a superstructure. The model was applied to the design of a cogeneration 
system for a residential complex in Zaragoza, Spain. The effects of finan-
cial market conditions in the optimal structure of the system are analyzed.

ENERGY SYSTEM MATH MODEL

	 The basis for this research is the superstructure shown in Figure 1 
and the fundamental math model implied by Table 1. Figure 1 depicts 
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the superstructure of the energy supply system considered in this study, 
showing the proposed technologies that can be selected, the energy utili-
ties that can be present, and the interactions between technologies and 
utilities.
	 The algebraic model in Table 1 is expressed in terms of the technical 
coefficient of production or TCP, which are defined as follows. The rows in-
dicate potential energy conversion technologies and the columns primary 
and/or demanded energy utilities (such as electrical energy EE, natural 
gas NG, domestic hot water DHW for sanitary and heating services, and 
chilled water CW for air conditioning). We also consider other energy 
utilities that may be needed to produce the previously defined demanded 
utilities. These include high pressure steam HPS and high temperature hot 
water HTW. In addition, cooling tower water CTW and air cooling AC are 
utilities used to dissipate heat to the environment. The TCP highlighted 
(boldface) 1 shows the flow that defines the capacity of the technology. 
A positive technical coefficient indicates a produced utility and a nega-
tive one a consumed utility. For instance, using a MGWC technology (see 
technology definitions at the bottom of Table 1) we have electrical energy 
(EE) as its main output, and its TCP is +1. Next, to produce x MW of 
electricity (EE), MGWC needs to consume 2.6x MW of natural gas (NG), 
recover 1x MW of high temperature hot water (HTW) and 0.1x MW of 
domestic hot water (DHW), and reject 0.1x MW of heat to the environ-
ment through the cooling tower water (CTW).

DEMAND AND ECONOMIC DATA

	 The annual demand data are characterized by using the energy 
consumption of a typical day for each of 12 months of the year. Each day 
is divided in 12 two-hour periods. This results in a total of 144 periods, 
each with a set of different heating, cooling and power demands. Table 
2 shows the demands for a residential complex building in Zaragoza for 
three significant months: December (heating↑), April (no heating and no 
cooling) and August (cooling↑). The data for the rest of the months are 
available from the authors.
	 The technology investment cost is given in Table 1 expressed as 
a linear function of capacity installed. Non-energy operating costs are 
only considered for cooling towers. The price of natural gas is ccNG 
= $0.015/kWh. The prices for purchased and sold back electricity dur-
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Table 1. Technical Coefficients of Production and Technology Data Matrix
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ing flat-demand hours are ccEE = $0.050 and cvEE = $0.045 per kWh, 
respectively. Such prices are multiplied by 1.7 during peak-demand 
hours (Oct-Mar: 18:00-22:00, Apr-Sep: 10:00-14:00); and by 0.57 during 
low-demand hours (Jan-Dec: 00:00-08:00). Note flat-demand hours are 
all those which are not peak or low demand hours. These data are only 
approximate.

MILP MODEL FOR TECHNOLOGY SELECTION

	 The underlying MILP model is shown in the next frame. To solve 
it, we have used the mathematical programming software LINGO (2010).
	 The Energy Balance equation has been generally defined as follows: 
C represents purchases (NG, EE), D demand (DHW, CW, EE), L losses 
to the surroundings (CA) and V sales (EE). There is an additional condi-
tion (whenever gas engines or turbines are installed) that the equivalent 
electrical efficiency be larger than a minimum (55% for gas engines and 
59% for gas turbines). See the definition of equivalent electrical efficiency 
and related efficiencies in Lozano et al (2010) and Lozano and Ramos 
(2010).
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ANALYSIS OF RESULTS

	 One of the most remarkable findings of this research is the depen-
dency between the optimal plant configuration and the capital recovery 
factor fa. Logically, a lower cost of capital favors more efficient technolo-
gies which tend to have higher installed costs. We obtained the following 
optimal solutions with the MILP model described above.
	 With fa = 0.2 y-1 the optimal solution corresponds to install gas 
fired hot water boilers (ΠCGWT = 2780 kW) and mechanical chillers 
(ΠFMWR = 2320 kW), as shown in the next diagram (Figure 2).
	 With fa = 0.15 y-1 we must add gas fired engines with DHW heat 
recovery (ΠMGWT = 610 kW, ΠCGWT = 2050 kW, and ΠFMWR = 2320 kW), 
as shown in the next diagram (Figure 3).
	 And with fa = 0.1 y-1 the engines are upgraded to generate high 
temperature hot water; thus hot-water heated absorption chillers become 
feasible (ΠMGWC = 1470 kW, ΠCGWT = 1010 kW, ΠFMWR = 1340 kW, and 
ΠFAWC = 980 kW), as shown in the next diagram (Figure 4).
	 In all cases we require heat exchangers and/or cooling towers to 
dissipate energy to the environment (with fa = 0.1 y-1: ΠICWC = 1620 kW, 
ΠICWR = 4260 kW, and ΠICWT = 1590 kW).
	 The following steps of the study will lead us to select the number 
of and size of the equipment for each technology to be installed. A 
complete and simple example of all these steps is given by Lozano et 
al (2001, 2009, 2010).

Figure 2. Gas Fired Hot Water Boilers and Mechanical Chillers
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	 Table 2 shows the hour by hour operation of three representative 
months of the plant configuration obtained with a capital recovery factor 
fa = 0.1 y-1. The operating strategies for such months are given next.
	 In December, the Gas Engine (MGWC) is subject to part loads 
in the electrical power off –peak or valley hours, adjusting the heat 
output to the heat demand. During on peak and flat hours, the en-
gine works at top or high loads, respectively. Thus, any excess heat is 
wasted. And a gas boiler (CGWT) makes up any heat shortage from 
the engine.
	 In April, the operation highlights are similar to the December ones. 
However, since space heating demand is lower, the engine operates at 
part load and the boiler is off.
	 In August the gas engine (MGWC) operates at part load during 
off-peak or valley hours, adjusting the heat output to the sanitary hot 
water demand. During on peak and flat hours, the engine works at top 
or high loads, respectively. The cogenerated heat is used in an absorp-
tion chiller (FAWC). If there is not enough absorption cooling capacity 
a mechanical chiller is run (FMWR).

Figure 3. Gas Fired Engines with Heat Recovery
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Table 2. Demands, purchases, sales and production for three months (fa = 
0,1 y-1)

(Cont’d)

Figure 4. Gas Fired En-
gines with high tempera-
ture water for Absorption 
Chillers
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Table 2 (continued). Demands, purchases, sales and production for three 
months (fa = 0,1 y-1)
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CONCLUDING REMARKS

	 This article has demonstrated the implementation of a MILP model 
for selecting the most convenient configuration of the energy supply sys-
tem for commercial and residential buildings with highly variable—sea-
sonal and daily—heat and power demands. To illustrate the model, this 
authors use actual demand data from a residential complex in Zaragoza, 
Spain. The model is able to minimize the total annual cost subject to 
technical, economic and legal constraints. A remarkable finding is that the 
capital recovery factor (which depends on interest rate) is the most influ-
ential factor in deciding what kind of technology best fits the residential 
building under study. Further research is warranted to understand the im-
pact of combining cogeneration systems with energy storage alternatives 
(electrical and thermal) to mitigate the demand variability of commercial 
and residential buildings and to continue to improve the overall energy 
system profitability and efficiency, on a life cycle cost basis.
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