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Abstract 

Two identified strategies to reduce GHG emissions that threaten the global climate stability 

include 1)the utilization of renewable sources of energy such as solar electricity from 

photovoltaic (PV) devices and 2)more efficient use of fossil fuels. While electricity production 

through PV is considerably less harmful than conventional sources of electricity, its intermittency 

and frequent mismatch between peak production and peak loads has proven to be a major 

obstacle to wide-scale implementation. As such, coupling PV with more reliable base load 

electricity production technologies such as combined heat and power (CHP) has been proposed to 

have a significant positive impact on increasing utilization and penetration levels. To test this 

theory, first the simulation and optimization platform was developed to utilize these strategies for 

a hybrid PV and combined cooling, heating, and power (CCHP) systems aimed at both reducing 

life cycle costs (LCC) and emissions using multi-objective genetic algorithms. The developed 

platform was focused on Canada„s residential end-use energy sector and was created as a stepping 

stone for larger decentralized communal residential, commercial/institutional, and industrial 

applications. Simulations run with the platform found that the optimization of the PV-CCHP 

system led to a fuel energy utilization of 83%, compared to a theoretical upper limit of 85%. 

These values can be compared to 68% for PV+CHP systems that did not account for cooling 

loads, which show the technical superiority of CCHP systems hybridized to PV. In addition, these 

results showed that photovoltaic grid penetration can be increased to 24% with the 

implementation of a distributed network of hybrid PV-CCHP systems. Furthermore, the 

optimized systems demonstrated significantly lower emission intensities when compared to 

centralized and residential scale electricity plants and residential heating equipment. While 

implementation of these systems provide the highest benefits in emission-intensive grids such as 
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Alberta and Halifax, their use in hydro-intensive provinces (ie. Quebec and British Columbia) 

was found to have potentially rewarding environmental benefits as well depending on fuel types 

and efficiencies of heating systems. 
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Chapter 1 

Introduction 

1.1 Foreword 

This thesis aims to overcome the intermittency of electricity supply of photovoltaic (PV) 

technology by proposing a model that will couple PV in conjunction with other technologies to 

provide a more comprehensive and holistic approach for providing energy resources. This 

potential technical solution comes in light of a larger framework of energy systems, where much 

like other resource distribution technologies (e.g. water), there is a spectrum of concentration. In 

one end of the spectrum lie centralized production technologies such as large scale power plants 

that distribute their power through complicated and intricate transmission networks. On the other 

end of the spectrum lie single point user systems, seen mostly in isolated communities and 

individual residences. 

There also lie in the middle of the spectrum communal systems that unlike the centralized 

energy systems do not produce power at distances far away from the user, but rather within their 

vicinity and for local communities. These systems can address many of the economic and 

technical issues that often challenge single point user systems as well as various legal, technical, 

and environmental problems that swamp large-scale centralized power plants. It is the author‟s 

intention to aid the implementation of these alternative single-point user and communal 

technologies by providing a platform for the simulation and more importantly, optimization of 

such systems. While the focus of the model remains technical, the author has also strived 

wherever possible to provide a context in which these systems are being proposed.  
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1.2 Problem Statement 

Anthropogenic climate destabilization has evolved to a point to be a formidable threat to human 

welfare, global ecosystems, and the temperate climate for which life on earth has evolved and 

human societies were formed (Forster, 2007). The global green house gas (GHG) emissions from 

human sources have risen to 49 Gt CO2-eq/yr precipitating a concomitant increase in atmospheric 

carbon concentration from a pre-anthropocene level of 280 ppmv to 379 ppmv in 2005 (Forster, 

2007). These GHG emissions are primarily caused by the combustion of fossil fuels such as coal, 

oil, and natural gas. Unfortunately, the majority of the primary energy in fossil fuels is still 

wasted during conversion to electricity in power plants (Sirchis, 2005; IEA, 2008). Various 

climate change scientists now recommend that in order to avoid further disruption to the thermal 

equilibrium of the planet and avoid additional negative effects on human society, GHG emissions 

be stabilized at levels below 350 ppmv (Hansen, et al., 2008). There are at least two clear 

strategies to reduce GHG emissions: 1) use fossil fuels more efficiently
1
 and 2) use renewable 

energy technologies, which do not directly emit GHGs during energy conversion, to offset 

emissions from conventional coal, natural gas, and oil-fired electrical power plants (Sims, 2003; 

IEA, 2008). Considering strategy (1), the most straightforward method of increasing the 

efficiency of electric generation with fossil fuels is to utilize the 'waste heat' from electricity 

production with cogeneration technology. The cogeneration of heat and power
2
 is a superior 

method of energy management because 'waste' heat can be used either for space heating or 

domestic hot water, or with the addition of an absorption chiller for space cooling in so called 'tri-

generation' systems (Hernández-Santoyo, 2003; Srikhirin et al., 2001). CHP systems are claimed 

to have several advantages over conventional supplies of energy (Sirchis 2005; Pilavachi, 2000): 

i) they decrease primary energy consumption and thus decrease energy costs; ii) they reduce 

                                                      

1
 It should be noted here that this strategy may be reductionist as it does not account for impacts on 

consumer behavior as a result of increased efficiency in fuel consumption. 
2
 Often referred to as “Combined Heat and Power” or CHP . 
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transmission and distribution losses; and iii) they decrease the need to establish new power plants. 

Unfortunately, even with the increased efficiencies, these technologies are still GHG emitters that 

contribute to climate destabilization, and thus should have their use minimized. Furthermore, 

even with the utilization of waste heat in CHP systems, warmer periods of the year requires the 

disposal of waste heat. This can be amended by the introduction of cooling equipment such as 

absorption chillers that utilize the waste heat in warmer periods to provide space cooling for end-

users (Pearce, 2009). The combination of CHP and cooling equipment is referred to as combined 

cooling, heating, and power or CCHP. 

Considering strategy (2), the utilization of photovoltaic (PV) technology, which converts 

sunlight directly into electricity, is an attractive option with a number of environmental benefits 

(Pearce, 2002). Unfortunately, PV cells are held back by resource limitations, particularly its 

relatively low solar energy to electricity conversion efficiency for current commercialized models 

and intermittency of solar irradiation owing to the daily solar cycle and cloudy weather conditions 

(Jochem et. al, 2002). Recent work has shown that CHP and PV technologies have symbiotic 

relationships covering each other‟s weaknesses can provide the potential of promoting more 

efficient energy consumption and technology utilization (Pearce, 2009; Derewonko and Pearce, 

2009). In particular, the grid penetration level of PV (or percentage of PV generated electricity on 

the grid) can be increased up to 25% with the use of small household scale hybrid PV+CHP 

systems (Pearce, 2009).  

Specifically in Canada, emissions can be categorized based on consumer types. As 

demonstrated in Figure 1.1a, nearly 71% of energy consumption, and therefore emission 

production, happens as stationary use of energy. The transportation sector, different from the 

other four sectors, emits greenhouse gases related vehicular motion while the agricultural, 

industrial, commercial/institutional, and the residential sectors require energy related to occupant 

health and comfort, a variety of business-related equipment for a wide range of activities, energy 
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intensive manufacturing processes, and required energy for the growth process of plants/animals. 

Among the stationary energy users, the residential sector energy consumption behaviors are the 

most standardized (Swan, 2010). While the end-uses in specific industries and businesses have 

specific criteria depending on utilized equipment, nearly all residential energy sector consumption 

is attributed to electrical appliances, space heating, space cooling, and domestic hot water. 

In order to optimize the design of PV-CCHP systems for greatest emission and cost 

reductions in the Canadian context, as well as the broader industrialized world, a simulation and 

optimization platform is necessary that will guide engineers, policymakers, and decision-makers 

for implementation of PV-CCHP systems. This platform, once proven to be successful for the 

Canadian residential sector, can be expanded for the commercial/institutional, agricultural, and 

industrial sectors as well for large-scale emission reduction. 

 

Figure 1.1-Estimates of the Canadian end-use energy consumption shown by a) sector and 

b) for the residential end-use sectors (OEE, 2006) 
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1.3 Overview of Photovoltaic Technology 

Photovoltaic (PV) technology has seen rapid advancement that began during the late 90‟s 

(Green, 2003). Currently, the technology has become economically viable in a number of 

applications and geographic regions due to advancements in manufacturing processes and has 

become significantly attractive in various economic frameworks (such as Germany and Ontario) 

with the help of appropriate government programs. Unfortunately, PV‟s energy resource, solar 

irradiation, is subject to significant intermittency. This phenomenon greatly degrades system 

reliability for users and in various designs has been coupled with battery banks to ameliorate this 

shortcoming (Messenger, 2003). Nevertheless, simulated large scale implementation of PV has 

demonstrated positive impacts on voltage and network losses while proving to be somewhat 

effective at shaving evening electric consumption peak loads in particular cases (Paatero and 

Lund, 2007). While electricity production through PV is considerably less harmful than 

conventional sources of electricity, its intermittency and frequent mismatch between peak 

production and peak loads has proven to be a major obstacle to wide-scale implementation. As 

such, coupling PV with more reliable base load electricity production technologies can potentially 

have a significant positive impact on increasing utilization and penetration levels (Pearce, 2009). 

1.4 Overview of Combined Cooling, Heating, and Power 

Usually, the required electricity for industrial, commercial and residential buildings is supplied by 

conventional steam power plants operating at ~35% conversion efficiency, where the residual 

heat is lost (Sirchis, 2005). These efficiencies can be increased significantly by producing the 

electricity on site and using the 'waste' heat in the building for its needs.  The effect of this 

cogeneration, on one hand results in a slight decrease in electrical generation efficiency, while on 

the other hand will result in considerably less consumption of fuel used for supplying the required 
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heat and its associated costs (Sirchis, 2005).  Today, because of advances in this technology, CHP 

systems matching any size or application are technically feasible. 

In a CHP system, a prime mover such as an engine or turbine (and more recently fuel 

cells) is responsible for converting chemical and thermal energy of the fuel into electrical power 

through a variety of processes. The maximum electrical efficiency for a mechanical prime mover 

with regenerative processes is about 50% and thus nearly half of the primary fuel energy can be 

lost as wasted heat (Sirchis, 2005).  In this kind of system, sources for this waste include 

exhausted gases from prime mover, cooling cycle and cooling oil. By using heat exchangers, this 

heat can be recycled as a high temperature fluid. By using both the electrical and thermal outputs, 

total utilized fuel efficiencies of higher than 85% can be achieved (Petchers, 2003; Sirchis, 2005). 

Less fuel consumption is very clear in this scheme when compared to a standard electric 

efficiency of 35% (Sirchis, 2005). The total efficiency for a CHP system is given by: 

0

CHP CHP
CHP

Q P
η =

Q



 

(eq. 1) 

where QCHP and PCHP represent utilized thermal and electrical energy respectively, and Q0 

represents the heat content of the fuel. In general, PCHP is either consumed by the load or fed back 

into the electricity grid. However, QCHP must have an acceptable quality, quantity, and 

temperature to provide for the thermal load of an end-user. 

The primary components of a CHP system are prime movers (engine or turbine), 

electrical controls, heat regenerating devices, as well as absorption chillers for cooling 

applications. CCHP prime movers are defined by a thermal to electrical power ratio (Pilavachi, 

2000; Sirchis, 2005): 

CHP

CHP

Q
TER

P


 



7 

 

(eq. 2)
 

A cooling process can also be achieved by incorporating absorption chillers in the CHP systems: 

"In general, thermodynamic analysis of cogeneration systems 

indicates that local electric and thermal generation has positive 

energy efficiency and environmental impacts. However, various 

complex economic and social factors that are continuously 

dynamic and evolving (ie. tariffs, legislation, market, etc.) 

challenge the feasibility of such systems. This problem is 

especially accentuated in warmer regions that require relatively 

lower heating demands. As such, thermodynamic results of 

combined heat and power by itself may not necessarily provide a 

strong case for implementation. (Chicco and Mancarella, 2006) 

As mentioned earlier, trigeneration systems refer to the capability of cooling production, 

usually through the installation of absorption chillers. In literature and practical applications, the 

cooling production of CCHP systems consists of absorption groups fed by steam or hot water 

generated by conventional CHP prime movers.  

1.5 Thesis Objective and Outline 

Due to the negative environmental effects of fossil fuel combustion there is a growing interest in 

both improved efficiency in energy management and a large-scale transition to renewable energy 

systems. By the same token, the intermittency of photovoltaic technology can also be addressed 

through providing a more reliable and constant energy source. In order to improve upon the 

efficiency of existing hybrid energy systems, a cooling capability is incorporated to explore the 

concept of hybrid PV and CHP systems. Pearce (2009) identifies this category of systems as a 3
rd

 

generation hybrid energy system, as listed in Table 1.1. Although the introduction of the concept 

is not novel by itself, the defined model will attempt to first devise a simulation and control 

algorithm for such a hybrid energy system for the first time, but then also to optimize it. The 

objective of this thesis is to devise a platform for the simulation and optimization of hybrid PV-

CCHP systems with the goal of reducing both emissions and costs for Canada’s residential energy 
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sector. Chapter 2 reviews and examines prior work related to the simulation and optimization of 

hybrid energy systems. Furthermore, the proposed system description as well as a review and 

explanation of the different technological components are presented in this chapter. Chapter 3 

provides a description of the proposed optimization technique, multiobjective genetic algorithms, 

as well as the theoretical foundation of the PV-CCHP simulation. Chapter 4 presents the step-by-

step optimization algorithm with the proposed simulation in Chapter 3 followed by sample 

results, discussion, and sensitivity analysis of the simulation and optimization runs. Chapter 5 

provides a summary of the model findings, conclusions, and recommendations for future work in 

expanding the platform for optimization. 

Table 1.1- Hybrid PV-CHP system generations and descriptions 

Generation System Components 

0
th
 Engine generator and backup furnace for heat and power 

1
st
 Engine generator, backup furnace, and PV array to reduce electrical load 

2
nd

 Engine generator, backup furnace, PV array and electric energy storage to reduce 

electrical load 

3
rd

 Engine generator, PV array, electric energy storage, and absorption chiller for 

cooling applications 

4
th
 Engine generator, PV array, electric energy storage, absorption chiller, and solar 

thermal collector for reducing waste heat  
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Chapter 2- Previous Work and System Description 

The core of the model is focused on the optimization and simulation of hybrid photovoltaic and 

trigeneration systems. As explained in Chapter 1, the shortcomings of photovoltaic technology 

and trigeneration systems can be addressed in a symbiotic system where the reliability of a 

trigeneration system can cover the intermittency of photovoltaic while solar energy can be used to 

reduce GHG emissions that a trigeneration system would produce independently. 

2.1 Previous Work 

There is considerable literature and software available for the modeling of photovoltaic systems 

as well as cogeneration and more recently trigeneration systems. However, hybrid systems often 

have different dynamics from their independent counterparts. Prior to computer simulations, 

hybrid systems had been optimized by trial and error that is considered to be costly. On the other 

hand, experience based optimization has had many unexpected hurdles as well as improvements 

that cannot be obtained in many simulations and calculations. While this type of optimization is 

often slow, it is mostly useful in exploratory concepts and should not be reiterated in recurring 

system designs (Seeling-Hochmuth, 1999).  

Such practical experiences have led to the documentation of rule of thumb techniques for 

residential consumers wanting to implement hybrid renewable energy and diesel hybrid systems. 

Seeling-Hochmuth (1996) has compiled a list of rule-of-thumb sizing design that is presented in 

Table 2.1. 
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Table  2.1- Hybrid Stand-Alone Energy System Design Using Rule of Thumb Technique 

Design Rule of Thumb 

Sizing Renewable energy sizing 

(PV or wind) 

40%-60% of load 

Diesel generator size Peak load demand in Watt 

Battery size 1 day of battery storage 

Inverter Size Peak (surge) load in Watt 

Battery charger size 

Maximum charge current, 

Diesel Capacity rating 

DC Bus voltage 

24V-48V (<5kW), 96V 

(~5kW), 120V(>5kW) 

Operation 

Diesel generator operation 

Load factor greater than or 

equal to 50% 

Battery operation 

40% maximum DoD, regular 

equalisation, topping up with 

water 

Load 

Profile Household load 

150 Wh/day (DC), 1kWh/day 

(AC) 

 

SANDIA (1995) has also developed the ampere-hour method where an off-grid hybrid 

system is developed based on the estimated daily consumption of the household. A summary of 

the main steps of this method is known to be relatively easy and straightforward, the decision 

guide for this method is presented in Table 2.2. 

One of the first comprehensive programs that have attempted to simulate the performance 

and control of hybrid systems has been HYBRID2, developed by NREL in 1992 (Manwell et al., 

2006). However, HYBRID2 does not optimize these hybrid systems and typically does not 

account for cooling equipment. RAPSYS was developed prior to that in 1987 by University of 

New South Wales in Australia capable of simulating but not optimizing a number of hybrid 

systems, but was not meant for public users (Borchers, 1993). RAPSIM was developed in C++ at 
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the University of Perth, also located in Australia, for the simulation of certain hybrid system 

hardware components (Jennings, 1996). PHOTO was developed at the Helsinki University of 

Technology in Finland for simulating pre-determined systems. SIRENE was developed in 1991 

(Bezerra et al., 1991) for the economic and technical performance of isolated electric grids 

operating on hybrid system supply. 

Table 2.2- Summary of Main Steps of Design Method for Hybrid Systems Developed by 

SANDIA 

Design Sandia Method 

Load Profile Estimate Compile load in Wh/day 

Multiply by loss factors  

Divide by system voltage yielding load in Ah/day 

Battery (number of batteries in 

series and in parallel 

Select battery type and number of days of storage 

Number of batteries in series obtained through 

dividing systems voltage with battery voltage 

Number in parallel battery strings obtained 

through mathcing Ah load current with the 

maximum discharge rate 

PV (number of PV panels in 

series and in parallel 

Divide the load in Ah/day by peak sun hours per 

day, yielding so called 'DC bus current in A 

Number of panels in series obtained through 

dividing system voltage with panel voltage 

Number of panels in parallel obtained through 

dividing DC bus current with panel output current 

Hybridize (yes or no?) Follow decision guide in handbook 

Battery (resize?) In case smaller battery storage is desired in the 

hybrid system configuration, redo the calculation 

on number of batteries required with new number 

of days of storage 

Diesel (Choose kW size) choose diesel generator size to cover peak demand 

plus maximum charging rate simultaneously 

PV (redefine number of PV 

panels in series and in parallel 

redo PV calculation taking account of battery and 

diesel generator sizing 

Round off BOS and costing Choose inverter size wiring and determine life 

cycle costs (LCC) 
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INSEL, developed by Schuhmacher (1993), was originally designed as a block diagram 

editor to simulate photovoltaic systems as well as thermal systems more recently. The program, 

however, is quite tedious and difficult to troubleshoot and cannot automatically optimize any 

hybrid system without considerable and unnecessary amount of coding. Its reliance on the 

FORTRAN language, in the opinion of the author, makes it less flexible than C++ based 

programs for complicated logic and data structures.  

TRNSYS, a thermal and energy modeling software used heavily by industry and 

academia was developed in Universities of Colorado and Wisconsin. TRNSYS was originally 

designed to account for thermal systems, but over time grew to include PV. TRNSYS, like 

HYBRID2 does not optimize a photovoltaic trigeneration hybrid system (Urban et al., 1991).   

NREL had also developed the Hybrid Optimization Model for Electric Renewables 

(HOMER), an optimization technique based on the kinetic battery model (Manwell and Beckman, 

1993). University of Zaragoza‟s electrical engineering department has developed the Hybrid 

Optimization Genetic Algorithm (HOGA) for PV and diesel hybrid systems (Dufolopez and 

Bernalagustin, 2005). HOGA is based on the energy system model depicted Figure 2.1, where the 

algorithm finds the optimal state of charge set point for batteries, as well as the type and number 

of PV panels, the type of diesel generator, the battery charger and inverter required for 

installation based on historical AC load data. 
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Figure 2.1- System Schematic of HOGA’s Hybrid Design Optimization (Adopted from 

Dufolopez and Bernalagustin, 2005) 

 

Additionally, Ohsawa et al. (1993) used artificial neural networks to optimize PV-Diesel systems. 

Ashari and Nayar (1999) recommended a dispatch strategy for control optimization based on 

Barley's stopping and starting set points. Kaiser et al. (1997) incorporated a 'decision theory' to 

simultaneously optimize the operation control criteria and system design as well as an on-line 

optimization of operation control where the control strategy is continuously reconfigured during 

operation. 

Seeling-Hochmuth (1997) has provided a comprehensive hybrid diesel and renewable 

energy system whose system size and operations is optimized through single objective genetic 

algorithms. While Seeling-Hochmuth‟s methodology is similar to that of HOGA, the modeling 

equations and approach are considerably different where the control of the system is coded into a 

string of 5 decision variables for every hour of the year. Seeling-Hochmuth elaborated on his 

original model (1998) in his dissertation thesis (1999) by providing a simulation and optimization 

for the hybrid system illustrated in Figure 2.2. A renewable energy component comprised of wind 
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and photovoltaic energy is coupled with a diesel generator through a system of battery chargers, 

inverters, and batteries that are all optimized for both DC and AC bus loads. 

 

 

Figure 2.2- Schematic of Optimized System by Seeling-Hochmuth (Seeling-Hochmuth, 

1997) 

Burnal-Augustin and Dufolopez (2009) have prepared a table outlining select models for 

PV-diesel, PV-wind, or PV-diesel-wind systems with batteries and their capabilities in 

component sizing and control strategy optimization. A modified version of the compilation is 

presented in Table 2.3. It can be concluded that work on the optimization of the sizing and control 

strategy of hybrid systems with photovoltaic components has seen extensive research. 

Furthermore, none of the reviewed literature demonstrated an optimization algorithm that 

incorporated cooling loads as an integral component. 
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Table 2.3- Capabilities of different hybrid stand-alone energy system models (Burnal-

Agustin and Dufolopez, 2009) 

 

PV-Diesel-
Batteries 

PV-
Wind-
Batteries 

PV-Wind-
Diesel 
Batteries 

Optimization 
of 
Components 

Optimization 
of control 
strategy 

Borowy and Salameh, 
1996           

Chedid and Saliba, 1996           

Kaiser et al., 1997           

Seeling-Hochmuth, 1997           

El-Hefnawi, 1998           

Kellogg et al., 1998           

Dufo-Lopez and Bernal-
Augustion, 2005           

Koutroulis et al., 2006           

Shaahid and Elhadidy, 
2006           

Ashok, 2007           

Yang et al., 2007           

Diaf et al., 2008           

Dalton et al., 2008           

 

2.2 System Overview 

Based on the literature review available, none of the optimization algorithms treat emission 

reductions as a primary objective of optimization. Furthermore, while some developed methods 

include the possibility of optimization based on thermal loads, none had developed a 

comprehensive strategy in utilizing heat produced from the CHP system for heating and cooling 

applications. 

The system this discussion is focused on is illustrated in Figure 2.3.  In this system, only 

an AC load was considered as most of the case studies do not operate on DC loads. In addition, 

there is a domestic hot water (DHW), space heating (SH), and space cooling (SC) load for the 

particular end-user. Energy generated from this system comes from two primary sources of 
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energy. The first is photovoltaic panel system while the second is a CHP unit. In order to allow 

for more flexibility of matching thermal loads to electric loads, conversion and storage equipment 

for both electric and thermal loads are also incorporated. For the electric load, an inverter is 

included to change DC outputs, in particular from the battery bank and the photovoltaic panels, 

into an AC output compatible with the user load. Similarly, a battery charger is included to store 

any excess AC output from the CHP unit into the battery bank. The system is also connected to 

the electric grid that matches user requirements during times that  

Battery

Battery

Charger
Inverter

Cogeneration 

Unit
AC Load

Heat 

Exchanger

Absorpotion 

Chiller

Heating 

Load

(SH+DHW)

Cooling 

Load

Photovoltaic 

Array

Solar 

Irradiation

Fuel

Electric 

Grid

 

Figure 2.3- PV-CCHP System Schematic 

The electrical component of the system is categorized as parallel topology compared to a 

series topology seen in Figure 2.4(Ashari and Nayar 1999). In this configuration, the DC energy 

source (the PV array) supplies a portion of the load demand directly that will ultimately result in 

higher system efficiency. The CHP unit and the inverter can operate in either parallel or stand-
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alone mode that allows flexibility in meeting the demand. For example, when there is a low load 

demand, the CHP unit or the inverter can supply the energy, while in peak load, both components 

can operate in parallel which can allow the user to reduce the capacity of the inverter and CHP 

unit. Other advantages include better supply-demand correlation, maximized CHP fuel efficiency, 

and minimized CHP maintenance costs (Ashari and Nayar, 1999). A series topology hybrid 

system would be easier to implement but would result in lower overall system efficiencies (due to 

inverter and battery losses), larger inverter size, and a limited control of the CHP unit.  

DC Bus AC Bus

Inverter

PV

DC 

Diesel

Battery

AC 

Load

a) Series Topology  

DC Bus AC Bus

Inverter

PV

Battery

AC 

Load

Rectifier

AC 

Diesel

b) Parallel Topology  

Figure 2.4- Hybrid Energy System Topologies 

On the thermal section of the system, heat produced by the CHP unit is collected by 

either a heat recovery system as explained in detail in the CHP section of this chapter or an 

absorption chiller. These two components would in turn be utilized for three different load 

categories that constitute the thermal load of the system. There are three different types of thermal 

load for every case study: domestic hot water (DHW), space heating (SH), and space cooling 

(SC). DHW profiles are principally a function of occupancy and the climatic conditions and 

house thermal envelope have a minimal impact. In contrast, SH and SC are principally a function 

of climatic conditions and house thermal envelope, and therefore geography and specific building 

characteristics. Here, the DHW, SH, and SC denoted by Qspaceheat, QDHW and Qcool. The 

combination of SH and DHW is denoted by Qheat.  
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2.3 Photovoltaic Panels 

Currently, there are two commercially available methods of capturing solar energy. The first 

method is through thermal solar systems, where a collector captures solar radiation for water or 

space heating. While this method tends to have relatively high energy produced to sunlight 

captured ratio, the exergy is low. The second technology that is an integral focus of the model is 

based on the photovoltaic process. This technology has relatively lower efficiency ratings with 

respect to thermal systems, yet produces electricity directly from sunlight and thus has a high 

exergy
3
. 

There are various semiconductor materials suitable for photovoltaic cells, but silicon is 

currently the simplest and most common (Messenger, 2003). An important characteristic of 

semiconductor material used in a PV device is its ability to transfer electrons between its valence 

band and conduction band when a photon is absorbed. This phenomenon is a function of 

temperature and irradiation and semiconductors have all of their electrons located in the valence 

electron at absolute zero temperature (valence bands require less energy to stay in than 

conduction bands). In essence, an electron is leaving the covalent bonds and leaving a hole in the 

covalent bond. This generation of an electron and hole is known as the electron-hole pair (EHP). 

The energy required to generate an EHP is referred to as the energy band gap (Eg). Therefore, 

when a photon collides with an atom of this material, it induces a particular amount of energy 

given by  

  
  

 
 

(eq. 3) 

                                                      

3
 In thermodynamics, the exergy of a system is the maximum useful work possible during a process that 

brings the system into equilibrium with a heat reservoir. When the surroundings are the reservoir, exergy is 

the potential of a system to cause a change as it achieves equilibrium with its environment. After the system 

and surroundings reach equilibrium, the exergy is zero.  
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where the units are in eV, h is Planck‟s constant, and lambda is the wavelength in micrometers. If 

the energy and momentum of the photon exceeds the energy gap, an EHP is generated, but the 

remaining energy is lost as heat. If the energy of the photon is smaller than the band gap, then 

nothing happens and the photon simply „slips‟ through since the material is simply transparent to 

these low-energy photons.  

 

Figure 2.5- Kyocera KC40T IV Curve 

PV panels are characterized by a specific current-voltage (IV) relationship. The 

maximum power point (MPP) is where the maximum output power is obtained from the panel. 

For illustrative purposes, Figure 2.5 is a sample IV curve for Kyocera KC40T. The lighter line 

represents the voltage current relationship and the darker line represents the power output of the 

panel at different irradiance levels (power is the product of voltage and current). Point A on the 

1000 W/m
2 

IV curve is referred to as the short circuit (ISC) where there is no voltage between the 

positive and negative junctions of the panel. Point B on the 1000 W/m
2
 is referred to as the open 

A 

B 

C 
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circuit (VOC) or when there is no current flowing between the positive and negative junction of the 

panel. Point C refers to the maximum power point or MPP where, as the name suggests, the panel 

produces the maximum power as a result of its optimal combination of current and voltage. 

Manufacturers supply IV curves for different temperatures to account for the differences in 

performance for different temperature gradients (Messenger, 2003). 

Photovoltaic system designs witness price increases with the inclusion of supporting 

structures necessary for their installation. Another formidable challenge lies in ensuring 

autonomy, where a given user manages to operate all needed appliances during night-time and 

periods of unfavorable weather conditions. Grid connected PV is often placed at angles that 

acquires the maximum incident solar energy over the course of a year. Some systems are situated 

for maximum output at a given angle through the year, while other systems are placed at different 

angles with respect to the time of the year. While this will increase the output of the system it will 

require additional labour and maintenance costs to achieve this (Messenger, 2003). Continuous 

tracking, both in one and two axes will yield additional output, though the additional mechanical 

components can bring significant financial and maintenance burdens (Messenger, 2003). 

Incorporating PV panels in a hybrid energy system as opposed to a single-source application can 

improve system usage and operation. Hybridization prevents over-sizing the PV array for system 

autonomy.  

2.4 CHP Unit 

As previously mentioned, combined heat and power refers to systems that are able to capture 

thermal energy from a prime mover producing electricity that would have otherwise been waste. 

Commercialized CHP technologies include diesel engines, natural gas engines, steam turbines, 

gas turbines, and certain fuel cells. While CHP systems have been traditionally used in energy 

intensive industries, modern improvements can be utilized for industrial, commercial, and 
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residential users. Cogeneration technologies are categorized into reciprocating internal 

combustion (IC) engines, Stirling engines, and fuel cells (Pehnt et al, 2006; Jimenez 1998; 

Horlock, 1997). 

 

 

2.4.1 Internal Combustion Engines 

There are two main categories of CHP IC engines, the Otto cycle (cycle spark-ignited) and the 

diesel cycle (compression-ignited) (Jimenez 1998). The price per kilowatt can vary from $800 to 

$1500 and can be more expensive for smaller units as capital costs can have a larger impact than 

larger units (Knight and Ugursal, 2005). While diesel based prime movers are intended for larger 

industrial and commercial applications, spark ignition (SI) engines are more suitable for smaller 

cogeneration applications. SI mostly operates on natural gas, though the technology is also 

capable of operating on propane, gasoline, and landfill gas (Pehnt et al, 2006; Jimenez 1998; 

Horlock, 1997). Today, IC cogeneration units as small as 1 kW electric and 3 kW thermal are 

available in the market as can be seen in Table 2.4 where a comparison of different CHP and 

distributed generation technologies are presented. The primary components of an IC based CHP 

are comprised of the engine or prime mover, the electric generator, heat recovery system, exhaust 

system, controls and acoustic enclosure. Energy released as a result of combustion is captured for 

electric generation through a generator. While roughly 25-30% of combusted fuel is transferred 

into mechanical power that is then used to provide electric energy, a majority portion of the fuel 

is converted into heat energy (Pehnt et al, 2006; Jimenez 1998; Horlock, 1997).  
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Table 2.4- Comparison of Different CHP Technologies 

 

 

  Diesel engine Natural gas 

engine 

Gas turbine Microturbine Fuel cells Stirling 

engine 

Electrical efficiency (%) 30-50 25-45 25-40 20-30 40-70 25-40 

Size (MW) 0.05-5 0.05-5 3-200 0.025-0.25 0.2-2 0.001-0.1 

CHP estimated installed cost ($/kW) 800-1500 800-1500 700-900 500-1300 >3000 >1000 

Start-up time 10 sec 10 sec 10 min - 1 hr 60 sec 3-48 hrs 60 sec 

Fuel pressure (psi) < 5 1-45 120-500 40-100 0.5-45 0 

Fuels Diesel Natural gas, 

biogas, 

propane 

Natural gas, 

biogas, propane, 

distillate oil 

Natural gas, 

biogas, 

propane, 

distillate oil 

H2, natural 

gas, 

propane 

All 

Used for heat recovery Hot water, 

low pressure 

steam, district 

heating 

hot water, low 

pressure 

steam, district 

heating 

Heat, hot water, 

low and high 

pressure steam, 

district heating 

Heat, hot 

water, low 

pressure steam 

Hot water, 

lowandhigh 

pressure 

steam 

Direct heat, 

hot water, low 

pressure steam 

Output (Btu/kWh) 3400 1000-5000 3400-12000 40000-15000 500-3700 3000-6000 

Usable temperature for CHP (
O
F) 180-900 300-500 500-1100 400-650 140-700 500-1000 
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Heat not utilized by electric turbines or generators can be used directly for district heating or can 

be converted to other forms of thermal energy including hot and chilled water. Not all of the heat in an IC 

engine can be harvested for thermal heating or cooling as some of the heat energy is lost due to low 

temperatures within the exhaust gases and as radiation and convection losses in the unit. Heat can be 

extracted from an engine through the exhaust gas (30-50%), engine jacket cooling water (30%), and to a 

smaller degree the lube oil cooling water and where available, turbocharger cooling. Steam extracted from 

steam turbines can be used in a single or double effect absorption chiller. Generated heat accounts for 

roughly 60 to 70% of primary energy used in an engine. The combined energy (electric and thermal) can 

amount to roughly 70 to 80% of the fuel‟s energy. Heat in the engine jacket coolant is capable of 

producing 93.3-129.4 
O
C outlet hot water. Exhaust temperatures from the combustion process can amount 

to 454-649 
O
C (Pehnt et al, 2006; Jimenez 1998; Horlock, 1997).  

Table 2.5- Comparison of Utilized Energy for IC engine with and without Heat Recovery 

With Heat Recovery (%)  W/out Heat Recovery (%)  

35 35 Engine Output at Flywheel 

21 65 Non Recoverable Heat 

44 0 Recoverable Heat 

79 (improvement of 44%) 35 Total Energy 

 

For CHP applications of IC engines, the heat to power ratio is crucial. Figure 2.6 depicts the 

percentage of primary energy used to produce electricity. It can be seen that a higher fuel per kWh is 

required to operate the engine at loads of lower than 75%. While the net work, or electrical output, of the 

CHP unit decreases significantly at a partial load variable of less than 50%, thermal output of the system 

is increased primarily due to poor combusted fuel. Paradoxically, the amount of useful heat increases at 

loads with lower electrical efficiency. This is particularly important when the CHP operates at partial 

loads (Jimenez, 1998). 
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Figure 2.6- CHP Partial Load Efficiency (Seeling-Hochmuth, 1999) 

 

As a significant portion of the model is aimed at reducing pollution, it is of value to consider 

emissions that result from such engines. IC engines emit considerable pollution, most notably nitrous 

oxide (NOx), carbon dioxide (CO2), volatile organic compounds (VOCs) such as unburned non-methane 

hydrocarbons), and depending on the fuel type sulfur oxides (SOx). Table 2.6 is a listing of the nitrogen 

oxide emission characteristic of a selection of IC engines used for CHP applications as determined by 

subtask 42 of the IEA for energy conservation in buildings and community systems. 
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Table 2.6- Nitrogen Oxide Emission Characteristic of Sample CHP Engines (Knight and Ugursal, 

2005) 

2.4.2 Stirling Engines 

More recently, the Stirling engine has been used by European utilities for residential micro-CHP 

applications (Knight and Ugursal, 2005). This engine type was first created over a 100 years ago and is 

based on the Stirling thermodynamic cycle. While originally fraught with technical shortcomings, a new 

generation of engineers and hobbyists have managed to produce a free-piston model that is reliable and 

energy efficient. The Stirling engine can operate on a plethora of fuel sources including nuclear, 

geothermal, solar, biomass, and fossil fuels so as to provide a primary source of energy for its power 

production. The primary difference between the Stirling engine and conventional fossil fuel based engine 

is its reliance on an external heat sources as opposed internal combustion. 

The Stirling engine cycle is similar to the Otto cycle with the adiabatic process of the cycle 

replaced with isothermal processes. Recently, Stirling engines have been developed with regeneration that 

resembles the ideal Carnot cycle (Knight and Ugursal, 2005). Currently, an electrical efficiency of 40% 

has been achieved, and as high as 50% can be expected (Knight and Ugursal, 2005). The overall 

efficiency is currently 65-85% with a power to heat ratio ranging from 1.2 to 1.7 (Knight and Ugursal, 

2005). Stirling engines are particularly attractive for their strong performance at partial loads. The Stirling 

engine can operate at 34-39% electrical efficiency at 50% load compared to a range of 35-50% at full load 

(Knight and Ugursal, 2005). 

Emissions 

Characteristics 

Cummins Coasterintelligen 

Electrical Power 7.5 16 16 20 35 50 55 80 

Fuel Type Diesel Natural 

Gas 

Diesel Natural 

Gas 

Diesel Diesel Natural 

Gas 

Natural 

Gas 

Air Fuel ratio  16.8  16.6     

Compression 

ratio 

18.5:1 9.4:1 17.3:1 16.5:1     

NOx (g/MWh) 1300 810 1300 850 720 820 <20 <20 
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Heat produced by a natural gas-fueled Stirling engine can be recovered through the gas cooler, 

exhaust gas heat exchanger, as well as the cylinder walls and lubricating oil to a lesser degree. In a 

particular model developed by Solo, the pre-exchange heater temperatures of the gas amount to nearly 

200-300 
O
C before reaching the exhaust gas heat exchanger and is reduced to 30 

O
C above the incoming 

cooling water (Knight and Ugursal, 2005). This model has an electrical output of 2-9.5 kW with a thermal 

output of 8-26 kW. A biomass fueled Stirling engine developed by Sunpower have developed two stage 

combustion process that produces roughly 4 kW of thermal energy for every 1 kW of electrical energy. 

Biomass to electricity efficiencies hover at about 12-17% (Knight and Ugursal, 2005).  

The Stirling engine unit developed by Germany based company, SOLO, uses high level preheated 

air for combustion to achieve high combustion efficiency while achieving low exhaust emissions. The 

internal exhaust gas from the recirculation systems, preheated air and fuel gas are combined to limit the 

maximum temperature to within the oxidation range of below 1400
o
C, thereby suppressing the formation 

of nitrogen oxide. In addition, continuous combustion considerably lowers the emission level when 

compared to conventional fired fossil fuel cogeneration units.
4
 

Despite all of their promises, Stirling engines are still considered an emerging technology and are 

faced with many challenges in a competitive market. High prices compared to conventional engines make 

them challenging to adopt in most situations. Presently, the capital cost of a unit is roughly twice as much 

as an IC engine CHP unit while its maintenance costs are relatively less, 0.013 $/kWh for Stirling engines 

when compared to $0.018 USD/kWh for IC engines (Knight and Ugursal, 2005).. Maintenance costs are 

predicted to be reduced to as much as 0.0064 USD/kWh (Pehnt et al., 2006). 

2.4.3 Fuel Cells 

Another emerging technology within CHP applications are fuel cell-based engines. This process is 

capable of producing electricity at high efficiencies (In CHP applications, the fuel cells operate at roughly 

30-60% electrical efficiency and 70-90% overall efficiency) when compared to conventional models, and 

                                                      

4
 http://www.cleanergyindustries.com/production.html 
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emits lower greenhouse gases. Different fuel cell types have been commercialized and some are still 

under development. These types include alkaline fuel cells (AFC), phosphoric acid fuel cells (PAFC), 

polymer electorate membrane fuel cells (PEMFC), molten carbonate fuel cells (MCFC), solid oxide fuel 

cells (SOFC) and more recently direct methanol fuel cell (DMFC).  This technology type is considered to 

be potentially favorable for small residential and commercial applications due to its high electrical 

efficiency and low emissions (Knight and Ugursal, 2005). This relatively large range is dependent on the 

fuel production, where in some units the fuel needs to be refined while others can use their fuel directly. 

The advantages of this technology are as mentioned before low emissions, low noise level, low 

maintenance, high partial load efficiency as depicted in Figure 2.7, and high overall efficiency. 

Disadvantages include short lifetimes and relatively high costs. Research and development is underway to 

ameliorate these shortcomings (Beausoleil-Morrison, 2007).  

 

Figure 2.7- Partial  Load Performance of PAFC Compared to High Efficient IC (Lean Burn) 

Engine (Beausoleil-Morrison, 2007) 
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Heat produced in an engine is recovered from the fuel reformer (where hydrogen is produced 

from a fuel source) and fuel stack. PEMFCs and PAFCs provide lower grade of heat that is more suited to 

residential and commercial applications. A PEMFC operates at 80-100 
O
C, while a reformer does so at 

roughly 120 
O
C. MCFCs and SOFCs provide much higher temperatures that are suitable for potentially 

additional steam turbine induced electricity production (Beausoleil-Morrison, 2007). Table 2.7 provides 

an performance overview and emission characteristics of different representative fuel cell technologies. 

Beausoleil-Morrison (2007) explain: 

Fuel cell systems do not involve the combustion processes associated 

with reciprocating internal combustion engine and micro-turbine 

systems. Consequently, they have the potential to produce fewer 

emissions. The major source of emissions is the fuel processing 

subsystem because the heat required for the reforming process is derived 

from the anode-off gas that consists of about 8-15% hydrogen, 

combusted in a catalytic or surface burner element. The temperature of 

this lean combustion process, if maintained below 1,000 °C, prevents the 

formation of oxides of nitrogen (NOx). In addition, the catalytic 

reactions, level of temperature and the air excess will guarantee the 

oxidation of carbon monoxide (CO) and unburnt hydrocarbons. As 

Sulphur is a poison for the catalysts used in the fuel processing and the 

fuel, it is removed by a catalytic reaction before entering the fuel 

processing section. 
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Table 2.7- Emission Characteristics of Different Fuel Cell Technologies with Natural Gas Fuel 

(Knight and Urgusal, 2005) 

Fuel Cell Type PEMFC PEMFC PAFC SOFC MCFC 

Nominal Electricity Capacity 

(kW) 

10 200 200 100 250 

Electric Heat Rate 

(MJ/kWH) 

12 10.3 10 8 8.4 

Electrical Efficiency (% High 

Heat Value) 

30 35 36 45 43 

Fuel Input (MJ/hr) 105 2110 2005 845 2110 

Operating Temperature (C)  70 70 200 950 650 

Heat Output (MJ/hr) 42 760 780 200 465 

Heat output (kW equivalent) 12 211 217 56 128 

Total Overall Efficiency(%) 68 72 75 70 65 

Power/Heat Ratio 0.77 0.95 0.92 1.79 1.95 

Net Heat Rate (MJ/kWh) 6.7 5.5 5.1 5.5 6 

Emissions      

NOx (g/MWh) 27 27 14 23 27 

CO2 (kg/MWh) 617 531 515 413 431 

Note: Emissions adjusted to 15% oxygen content 

2.4.4 Design Criteria 

One of the most important elements of a proper CHP design is obtaining accurate electric and thermal 

loads for the user, especially for applications where electricity is exported to the grid. Such designs 

usually are based on load-following strategies where the prime mover is adjusted to match the load in an 

attempt to maintain minimal exchange with the grid. While 5 minute resolution has proven to provide 

more realistic profiles (Swan, 2010), 1-hour resolution data was used for this analysis for reduced 

simulation and optimization time. Thermal loads can include hot water usage, high and low pressure 

steam consumption, and cooling loads. In some instances, the CHP unit serves as a base load with 
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minimal or no variations to meet a minimal thermal requirement while exporting any excess electrical 

outputs into the grid. 

For cogeneration units, the capacity factor is calculated to determine the usability of the prime 

mover. The capacity factor is defined mathematically as the ratio of actual energy consumption to the 

peak capacity of the prime mover multiplied by the number of hours in a year or 8760 hours. A low 

capacity factor usually equates with peaking applications in the load profile that require the CHP to 

operate at excess production while higher capacity factors indicate a more balanced production of 

produced energy. Higher capacity factors are more desirable in most economic environments and help 

maintain competitive standards with centralized grid-supplied powers.  

For example, natural gas reciprocating engines tend to have higher capacity factors as this 

technology is more apt at operating at part-load operation. They are also more favorable in many 

regulatory environments as they produce lower emissions. Gas turbines, however, are more favorable for 

base load profiles as they are less agile than the natural gas reciprocating engine.  

Another significant element of a CHP design is the quality of heat that is recovered from the 

prime mover. Gas turbines have the highest quality of heat and can generate both high and lower pressure 

steam. Reciprocating engines are more limited as they collect waste heat from engine cooling jackets and 

cannot operate at high temperatures due to fear of corrosive condensation that can arise from higher 

temperatures. As such, reciprocating engines are more commonly used for hot water applications 

(Beausoleil-Morrison, 2007). 

Fuel considerations are also an important factor in the lifetime cost of a CHP unit. While most 

fossil fuel based technologies are subject to market volatility and vary greatly from country to country, 

Borbely (2001) has tabulated a comparison list for the different fuel types used for CHP technology. This 

comparison is presented in Table 2.9. 
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Table 2.8- Comparison of Fuel Types (Borbely, 2001) 

Fuel Type Installed Cost Fuel 

Cost 

Operation and 

Maintenance 

Cost 

Coal Medium (new) 

Very low (old) 

Low Medium 

Natural gas Low Low Low 

Petroleum Medium Medium High 

Waste heat Medium Zero Medium 

Biomass Medium-high Low High 

2.5 Battery 

Batteries are electricity storage devices that rely on electro-chemical processes to store energy in chemical 

form. In a hybrid system, excess energy from either the cogeneration unit or the photovoltaic array can be 

stored in a battery. Most hybrid systems utilize deep-cycle lead-acid types, as well as other less common 

batteries such as sodium sulphur, nickel cadmium, nickel iron and iron air (Jimenez, 1998). It should be 

noted that energy storage devices in general provide a major obstacle in technical, environmental, and 

economic realms and can have negative environmental impacts if not disposed of properly. However, 

there are no readily available alternatives to store energy excesses in hybrid systems. In technical terms, 

the lead-acid battery storage is subject to relatively strenuous operating conditions such as undercharging, 

overcharging and remaining in a low state of charge of prolonged periods of time (Jimmenez, 1998). In 

most hybrid system lifetimes (20+ years), the batteries‟ relatively frequent replacements (4 to 15 years) 

can have a significant impact of the lifetime cycle cost of the system. 

Batteries are comprised of cells that are connected through special wiring in series. A lead-acid 

cell is typically capable of providing 2V that is generated by plates immersed in an electrolyte solution. 

The battery discharges when the plates and the electrolyte produce electricity through a chemical reaction. 

The battery charges when electricity induces the reverse chemical reaction to take place. The maximum 

depth of discharge of a battery is defined by the plates' thickness. Shallow cycles in batteries result from 
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thin plates and are intended to provide concentrated amounts of high current, such as in cars, and often 

cannot allow for a discharge of greater than 20% without serious damage. Such batteries are not typically 

used for photovoltaic and/or hybrid systems, though regions deprived of deeper cycle batteries often use 

this regardless (Seeling-Hochmuth, 1999). Deep cycle batteries, on the contrary, have thick tubular plates 

that can be discharged as much as 70 to 80%, but cannot be rapidly discharged or charged. The battery 

storage capacity is given in amp hours and in some instances in kWh (the product of the amp hours and 

the nominal battery voltage). In general, slower charging and discharging cycles allow for increased 

storage capacity and is dependent on the battery age, operation, and general maintenance. For hybrid 

applications, it is better to rely on deep-cycle batteries for longer autonomous periods and less 

replacements. 

A battery's lifetime is affected by sulfation, grid corrosion, buckling of plates, sulfation and 

stratification of the electrolytes (Jimenez, 1998). A battery is 'dead' when the available energy has been 

emptied or when the average capacity has been reduced to 80% of its original values. It is advisable that 

the battery state of charge is kept within the boundaries recommended by the manufacturer in order to 

prevent irreparable damage. The cumulative energy flow is relatively irrelevant to the lifetime of a battery 

compared to the depth of discharge. Ambient temperature is also an important factor. Jimenez (1998) 

suggests that roughly for every 10 
O
C increase in the average ambient temperature, the battery lifetime 

nearly halves. 

As elaborated in Chapter 3, the modeling of battery performance is subject to a number of 

variables. Schuhmacher (1993) has developed an algorithm used in INSEL that is used for the model. The 

challenge lies in the near impossibility of directly measuring the state of charge (SOC) of a battery. The 

SOC of a battery is roughly reflective of the voltage in the battery. For example, at 100% SOC a battery 

may be at x volts and at 20% SOC may be at a lower y volts, thereby reducing the battery‟s power 

production capabilities. Purcell (1991) has provided a sample discharge curve for a lead acid type 12V, 90 

Ah battery presented in figure 2.9. 
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Figure 2.8- Battery Voltage as a Function of Depth of Discharge and Discharge Rate (Purcell, 1991) 

The depth of discharge of the battery is also significantly affected by the temperature where the 

discharge rate is reduced with dropping temperature. Lower discharge rates result in a higher overall 

amount of the charge being delivered and can be drastically different for regions with a high temperature 

variation (Messenger, 2003).  

The selection of a battery type and configuration in a system depends on the inverter and power 

generation controller equipment. The battery voltage must be arranged such that they match voltages with 

the system requirements. While a string of batteries in series determines the system voltage, several 

strings can be placed to increase the energy storage capacity. It is not advisable to have more than five 

strings in parallel without appropriate maintenance and oversight (Jimenez, 1998). In other words, the 

battery bank capacity should first be determined and the number and type of batteries should be selected 

such that the number of components is minimized (Seeling-Hochmuth, 1999). 
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In hybrid photovoltaic and cogeneration systems, the battery can serve as a useful storage device. 

In an autonomous photovoltaic system, the battery may be too costly and technically challenging to 

install, while in a fuel based energy system may be of minimal help. In a hybrid system, excess energy 

can be stored at reduced cycling leads, which in turn increases battery lifetime and at smaller system sizes 

that reduce capital and operational costs (Seeling-Hochmuth, 1999).  

2.6 Charge Controller 

The charge controller is designed to control the DC electricity flow produced from the generators to 

prevent excessive charging and power surges that can damage the battery and the inverter. The battery 

regulator, usually a component of the charge controller, controls the charging and discharging of batteries 

for both on grid and autonomous energy systems. As demonstrated above, a battery should operate within 

specified realms in order to maximize lifetime and prevent permanent damage that is both detrimental to 

the system and outside environment. Regulators measure the voltage in order to approximate the state of 

charge based on the temperature, history, and charge/discharge currents of the battery. More sophisticated 

regulators use correction factors based on temperature and Ampere hour counting to provide a more 

accurate approximation of the state of charge. The primary function of a battery regulator is to manage the 

load and charging disconnect and connect. These set points differ from battery to battery and based on the 

particular past usage of a battery. (Seeling-Hochmuth, 1999) 

In many cases, battery regulators are merged with converters where the settings are designed 

based on the battery system voltage and engine operations such that charging the battery is ensured if the 

state of charge drops below the recommended domain. While smaller systems (ie. less than 30 kW 

include integrated system controls, larger systems rely on programmable logic controllers (PLC) that 

require a considerable amount of power to operate. In other instances, the charge controller also doubles 

as a maximum power point tracker (Seeling-Hochmuth, 1999). Such controllers are quite complex and 

intricate and as such beyond the scope of the model. 
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2.7 Inverter 

Inverters are devices that are capable of converting direct current (DC) to alternating synchronous current 

(AC). The output characteristic of this component can be of significant importance. Lower quality AC 

outputs such as square wave and modified sine wave are cheaper to produce but cannot be used beyond 

basic resistive loads such as light bulbs, heaters, and cruder electronics. More advanced electronics may 

require sine wave AC outputs at higher cost (Messenger, 2003). 

Inverters function primarily based on rapid high frequency switching. For sine wave outputs, the 

inverter produces an internal sine wave at 60 Hz for referencing that is used to generate a continuous flow 

of pulse-width modulated voltages. The transistors are controlled accordingly to connect and disconnect 

the DC source. A transformer than amplifies this signal that is subsequently filtered to obtain a sine wave 

voltage at a magnitude as determined by the transformer. Square wave or quasi-sine inverters operate at 

higher efficiency at cheaper costs, but as mentioned prior are not be capable of producing high quality AC 

currents (Messenger, 2003). 

While most inverters do not operate at currents exceeding its limits, modern inverters can absorb 

brief periods of electric surges through preventative heat sinking of transformers and switches. This is 

particularly important for autonomous hybrid systems where induction motors generate roughly six times 

the regular power for starting (Jimenez, 1998).  Inverter efficiencies, much like CHP engines, operate at 

lower efficiencies for lower power levels while operating at roughly 80-98% efficiency at full load. 

Figure 2.8 provides the performance of a particular inverter at different loads. 
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Figure 2.9- Efficiency curve of sample inverter (Seeling-Hochmuth, 1999) 

In an attempt to address inverter inefficiencies in highly variable loads, inverters are placed in 

parallel where at low loads unnecessary inverters are placed in standby mode. Inverters are typically 

turned off during idle times as they consume power regardless of load. The design of inverters is 

dependent on the maximum required output. While currently inverters can manage as much as six times 

more power than what they are rated for in short periods time, it is not recommended that loads often 

exceed the inverter's design capabilities (Jimenez, 1998). A synopsis of inverter technologies that are 

commercially available in PVSyst 4.37 reveals that current commercial inverter efficiencies can reach as 

high as 98% and are found to frequently have efficiencies between 90-95%. 

2.8 Absorption Chiller 

Absorption chiller technology relies on an external heat source to drive the cooling. This is different than 

compression chilling, a technique that is common in most household and commercial refrigeration 

applications, where a compressor uses electrical energy to compress a working fluid to high pressures, 

and are then cooled using conduction and convection, primarily through heat exchangers. 
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In an absorption chiller system, a working fluid comprising of an absorbent and refrigerant are 

placed in two separate but connected vessels (Srikhirin et al., 2001). As illustrated in Figure 2.10a, the left 

vessel holds liquid refrigerant while the right one contains the working fluid. Refrigerant vapor caused by 

the left vessel is absorbed by the right vessel, making the right vessel solution more dilute and 

refrigerating the left vessel. This is known as the absorption process. In instances when the solution 

cannot continue absorbing any more of the working fluid, heat is introduced (see Figure 2.10 b) to the 

right vessel so that the refrigerant is separated from the solution and redirected to the left vessel. The 

refrigerant vapor is liquefied again by transferring heat to the surroundings. Since both processes cannot 

be performed simultaneously, an absorption refrigeration cycle combines the two. As depicted in Figure 

2.11, the separation of the working fluid occurs at a pressure higher than the absorption process. These 

processes are connected by a circulation pump and in the case of the proposed system, use heat generated 

from the cogeneration unit as a heat source. Absorption chillers are rated by a non-dimensional coefficient 

of performance equated as 

 

    
                                       

                        
 

(eq. 4) 

The pump work input is assumed to be negligent with respect to the heat produced by the 

generator and is not considered for this study. In gas turbine CHP units, absorption chilling equipment 

can be utilized to produce cooled water directly from the gas turbine exhaust. The most common 

application of absorption chilling is to use low (2 to 4 bar), or medium (10 bar) pressure saturated steam. 

These chillers produce cooled water (roughly 7 C) by commonly using lithium bromide (LiBr) as a 

working fluid. Lower water temperatures can be obtained by including ammonia and water combinations 

(Srikhirin et al, 2001). 
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Figure 2.10- Refrigerant absorption and separation processes (Srikhirin et al., 2001) 

 

Figure 2.11- Absorption refrigerant cycle (Srikhirin et al., 2001) 

2.9 Battery Charger 

The battery charger, often referred to as a rectifier, is intended to transform synchronous alternating 

current (AC) into direct current (DC). In the proposed system, excess electricity produced from the CHP 

unit not utilized by the load can be converted into DC electricity and stored in the battery. DC output from 

the rectifier is then fed into the charge controller for proper allotment of battery charging. Some advanced 

rectifiers allow for load-sensing and charge rate control that facilitates acid agitation and prevents plate 

sulfation and stratification that occur at higher SOCs. Some additional functions entail ramp up 

characteristics and periodic voltage boosts. A charger is utilized in instances where the CHP unit is not 

capable of DC electricity production (many CHP units are coupled with AC generators, but some are 

equipped with DC generators that would not require a battery charger or converter). A charger, when 

used, loses efficiency over time as a result of transformer losses at high currents. Power factors of a 

charger are also of significant importance, as the rectifiers are able to harvest electricity from specified 

segments of an alternating current phase. This generates rapid partial and full load profile in the prime 

mover which can lead to hastened deterioration (Seeling-Hochmuth, 1999). 
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Chapter 3 

System Simulation and Optimization Method 

The optimization of PV-CCHP systems involves matching electric thermal loads while attempting to stay 

within the constraints of technological limitations, economic and legal frameworks, and minimal 

environmental impact. Thus there are multiple objectives, but also a plethora of constraints that are 

defined specific to the context and environment of the optimized system. 

Such a model is necessarily non-linear and multidimensional. Therefore, optimization using 

classical calculus methods or even numerical solution techniques that cannot distinguish between local 

and global peaks are a disadvantageous method for the proposed system (Goldberg, 1989). There are a 

number of alternative optimization methods that have emerged more recently that use nonlinear and 

stochastic schemes (Arora, 2009). Neural networking, annealing methods, and neighborhood search 

methods are a few examples of this new generation of optimization techniques. The model will use 

genetic algorithms (GA) as its tool for optimization as this technique is not only apt at optimizing 

complex non-linear models but also more robust when compared to more traditional techniques. Goldberg 

(1989) identifies the fundamental differences of GA from older optimization and search procedures: 

1. GAs work with a coding of the parameter set as opposed to the parameters themselves. 

2. GAs search the objective function from a population of random points, as opposed to a single 

point. 

3. GAs utilize information from the objective function directly as opposed to auxiliary 

information or derivatives. 

4. GAs rely on laws of probability as opposed to deterministic rules. 

The advantages of GAs, aside from its robustness to handle complex problems, are faster 

convergence times and the ability to seek optimal points beyond local maxima and/or minima (false 

peaks) while disadvantages are blindness to alternative and at times superior combinations (Goldberg, 
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1989; Arora, 2004). Much like all engineering analysis, simulation and optimization of systems using GA 

must be used as a guide to critically analyze and reflect on its design and operations.  

3.1 Overview on Genetic Algorithms 

3.1.1 Fundamentals  

Genetic algorithms are based on biological evolutionary principles as encapsulated by Darwin‟s theory of 

natural selection. A design, modeled by a set of equations representative of the system‟s performance, 

inputs, and outputs, is subject to a fitness value. The fitness value is often the cost, utility, or „goodness‟ if 

a problem is unconstrained, or penalty if constrained. In the energy system proposed for the model, for 

example, emissions would certainly be a factor that may not necessarily have an exact monetary value, 

but certainly an environmental „cost‟. In certain contexts, relying on closed loop absorption chillers 

reduces water consumption by replacing open loop water cooling mechanisms. The water conservation 

can have an added benefit in more arid regions, making not only an environmental benefit, but a social 

one as well, that can influence the „fitness‟ of the system. Often times, the fitness can be an arbitrary 

value determined by the user‟s needs and preferences. 

Much like Darwin‟s theory of natural selection, a genetic algorithm uses three operators: 

reproduction, crossover, and mutation. The goal of a GA is to create a new set of population, or a new 

generation, from an existing one that is on average fitter than the previous one. A population consists of a 

specified number of strings (a mathematical representative of chromosomes), or an array of size 1 by the 

number of variables, that all produce a different fitness function depending on the composition of the 

string. Two identical strings will have identical fitness functions. This ability to assess a population of 

strings is one of the key strengths of GAs, as the algorithm looks at a rich database of points and is not 

subject to a single point that can often be blinded by local minima or maxima. Furthermore, the GA does 

not require auxiliary mathematical information that can either be hard to acquire or unnecessarily increase 

computing time.   
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In the reproduction operator, a string is copied based on a biased probability scheme that favors 

fitter strings to be copied. For example, if a string of variables produces a fitness value of 15, and another 

strong produces a fitness value of 10, there is a probability of 15/25 that the first string is chosen as 

opposed to 10/25 for the second string. The probability of selection P of a string fitness F can be defined 

as  

   
  

   
  
   

 

(eq. 5) 

where Np is the size of the population. Strings with higher fitness values would therefore have a higher 

probability of being selected. There may be identical strings selected due to higher fitness, while lesser fit 

strings may not be chosen.  

In the crossover operator, two different strings selected from the population are mixed or 

combined to create a new variant. While this operator performs via a number of different methods, the 

most common ones are the one-cut-point and the two-cut-point methods. In the one-cut-point method, the 

strings are cut along a randomly specified position into two pieces. In a population of two strings, there 

will be four segments (parents) that will then be exchanged to create a new set of strings (children). For 

purposes of illustration, the following binary digits are cut from their third digits as demonstrated below: 

 

a= 110|01  b=010|10 

(parent chromosomes) 

 

The new strings would then equate to 

a‟=110|10  b‟=010|01 

(children chromosomes) 

 

In a two-cut-point method, a string is divided along two points and the segments are crossed over 

to create a new population of strings, similar to the one-cut-point method. The number of crossovers 
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should be monitored and controlled for better results. Too many crossovers can lead to a poorer 

performance of the algorithm run as it will produce results that are far away from the mating designs.  

The mutation operator is intended to prevent premature loss of valuable strings that have high 

fitness values. In a population of binary strings, the basic principle of the mutation is to select a few 

strings randomly, often 5 to 20% of the total population, and switch a random location from 0 to 1 or vice 

versa. The mutation changes results that are localized to a current neighborhood and its rate should be 

varied for the possibility of obtaining different results. 

The following sample is a genetic algorithm presented by Arora (2004): 

1. Devise a model to represent the different design points and define a fitness function for the design 

based on the variables. Determine a population size Np and randomly generate Np strings. Set the 

iteration (generation) counter to zero. 

2. Calculate the fitness value of all the strings in the population. Increase your iteration counter by 1 

and the crossover counter to 1. 

3. Reproduction: Select design strings from the current generation based on the probability scheme 

presented above for the mating pool. 

4. Crossover: Select two strings from the mating pool and allocate string sites based on the one-

point- or two-point-cut methods. Swap the sites between the two chosen strings and increase your 

crossover counter by 1. 

5. Mutation: Choose a fraction of the mating pool and switch a 1 to 0 and vice versa at random 

locations for the chosen strings. If for the past user-determined numbers of consecutive 

generations, the fittest string remains the same, the mutation fraction is doubled. 

6. Stopping criterion: If the mutation factor is doubled, the best value has not been updated for the 

past user-determined number of consecutive generations, then the algorithm is stopped. If not, go 

to step 2. 

Fortunately, there are a plethora of optimization coding and software that incorporate genetic 

algorithms. The model uses Matlab‟s optimization toolbox that includes genetic algorithms. In an attempt 
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to demonstrate the viability and nature of genetic algorithms, a simple design has been coded into Matlab. 

It is assumed that a system whose fitness function F is defined as  

       

(eq. 6) 

For purposes of demonstration, a GA population size of 20 and a total of 51 iterations were utilized. The 

history of the best, worst, and mean scores for successive iterations and a fitness value for individual 

strings for the last generation are presented in Figures 3.1 and 3.2 respectively. The final average fitness 

was calculated as approximately 5.0824 at a value of roughly 0.02 for x, compared to a value of 5 for F 

and 0 for x using algebraic methods. 

 

Figure 3.1- Fitness indicators of successive generations 

10 20 30 40 50 60 70 80 90 100
5

6

7

8

9

10

11

12

13

14

Generation

Best, Worst, and Mean Scores



44 

 

 

Figure 3.2- Fitness values of last generation population 

3.1.2 Multiobjective Genetic Algorithms 

In some designs, there are multiple objectives that need to be optimized that cannot be meshed into a 

single function. For example, it may be a poor model to count apples and oranges as the same, or in the 

case of the model, emissions and system life cycle costs (LCC) as compatible quantities. In such 

multiobjective optimization schemes, the concept of Pareto optimality is employed as a different 

definition of optimality that maintains the independence of the different criteria. 

As an example, the following two fitness functions are considered: 

         

             

(eq. 7) 

A plot of the functions is generated in Figure 3.3 with F1 on the x axis and F2 on the y axis. As the 

objective is the minimization of both functions, the lower left corner of the graph is generally preferable 

than other regions. However, as there is a concave in that region (between A and B), there are points that 

gain in one function but lose in the other. This region is known as the Pareto optimal front. 

Mathematically, Pareto optimality can be defined as a particular vector x that is partially less than y (x <p 

y). If a point has less fit values in all functions of the multiobjective design, the point is considered to be 
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dominated. if a particular point not dominated, it is called nondominated or noninferior. In practical 

terms, it is up to the user to determine which of the nondominated points is preferable for the design 

problem as a Pareto optimal set is not a determinative solution (Arora, 2004). 

 

Figure 3.3- Graphical representation of multiobjective function. Points A to B on the curve ‘trade 

off’ against each other’s fitness. 

MATLAB‟s optimization toolbox also includes a multiobjective genetic algorithm. The Pareto optimal set 

obtained for functions F1 and F2 is presented in Table 3.1 and Figure 3.4. 
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Table 3.1- Pareto optimal set values 

Pareto Optimal Set 

Index F1 F2 x 

1 1.75E-09 3.999833 4.18E-05 

2 3.99993 3.03E-10 1.9999826 

3 2.271618 0.242863 1.5071887 

4 0.360256 1.959404 0.600213 

5 2.778538 0.110959 1.6668946 

6 1.75E-09 3.999833 4.18E-05 

7 1.033239 0.967304 1.0164837 

8 3.99993 3.03E-10 1.9999826 

9 1.490718 0.606919 1.2209498 

10 0.002451 3.804429 0.0495054 

11 3.389662 0.025248 1.8411035 

12 0.243642 2.269238 0.4936008 

13 0.47243 1.723088 0.6873354 

14 0.045952 3.188495 0.2143642 

15 2.780166 0.110634 1.6673829 
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Figure 3.4- Pareto Optimal set as determined by multiobjective GA 

There are also a number of methods for multiobjective optimization using GAs, most notably the 

weighted sum method, weighted min-max method, weighted global criterion method, lexicographic 

method, goal programming, and bounded objective function method. As the focus is not on GA 

methodology, the reader is encouraged to pursue these methods in relevant texts (Goldberg, 1989; Arora, 

2004). 

3.2 Performance and Cost Modelling 

Before implementing any GA, it is necessary to devise a model that is representative of the performance 

and impact of the technology with relation to its context. The remainder of this chapter is dedicated to 

providing the necessary equations to be implemented in the GA. The specific algorithm and sample case 

studies will be presented in the subsequent chapter. The model‟s objective functions will pertain to 

minimizing costs (by reducing expenditures and increasing benefits, whether it be monetary or social) and 

reducing GHG emissions. These final objective functions will in turn be dependent on the sizing and 

control of the system that are to be varied for optimization. These variables are denoted by x followed by 

a subscript signifying the variable.  
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There are two types of variables that are incorporated into the performance and cost model. The 

first type that will be heavily utilized by the GA, are sizing variables. Sizing variables include not only 

different types of the component that have associated rated capacities, but also the number of components 

required to meet the load specifications. The model focuses on the optimal sizing of the photovoltaic 

panels, cogeneration unit, and battery bank due to their significance in determining the outcome of the 

results. The remainder of the components (ie. charge controller, absorption chillers, inverters, etc) are 

treated as single point systems subject to inputs, outputs, and fixed transformation functions that are 

representative of components. These components, while a significant portion of the system design, are 

assumed to be perfectly tailored to the size of the three primary components. The second type is 

operational/decision making variables. Because of the large amount of computing time required to 

optimize for every hour, they are instead subject to equations and defining criteria for every hour i and 

ultimately dependent upon the dispatch strategy as pre-determined by the user. 

3.3 An Overview on Costs 

Much like other engineering designs, the present worth PW, also referred to as the present value, is 

calculated to determine the value of the system after all costs, incomes, and savings. The simplest form of 

the equation is given as  

   
 

      
 

(eq. 8) 

where C is the initial value, n is the number of years after the initial cost, and d is the discount, or interest, 

rate. The present worth of the total of all the annuity payments, or the net present worth, is 

       
 

   
 

 

       
   

 

         
 

 

       
  

(eq. 9) 

Multiplying the equation by (1+d) gives 
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(eq. 10) 

Subtracting equation 9 from equation 10 gives  

           
 

       
  

       
        

       
  

(eq. 11) 

The discount factor, or the numerical value multiplied by the present value to calculate the system 

lifetime value for an asset with no growth is then  

      
        

       
  

(eq. 12) 

The initial capital cost of the hybrid system is defined as 

                       

           

 

(eq. 13) 

where the initial capital cost of a component, ICCcomponent is dependent on the cost of the component itself, 

the number of the component required, the balance of system costs if applicable, installation costs, and 

other miscellaneous expenditure such as shipping, taxing, etc. The discounted operational cost DOC, and 

the discounted income DI for a given year n are each defined as 

              
           

      
           

 

(eq. 14) 

             
          

      
           

 

(eq. 15) 
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The operational cost is dependent on the component itself and can typically include maintenance, 

fuel, administration, replacement, and overhaul. The quantification of the income as a benefit is also 

dependent on the particular component. As explained in more detail in the following chapter, the income 

could be the amount of power produced that would have otherwise been bought at cost from the grid, in 

the event of feed-in-tariffs, revenue generated from excess electricity, the reduction in emissions, grid 

independence, heat savings, and reduced fuel consumption for communal applications. There can also be 

associated penalties that are explained further in the following two chapters.  

3.4 Photovoltaic 

3.4.1 Performance 

The sizing of the photovoltaic system is dependent on the AC load. As such, the number of panels in a 

string is limited by the panel voltage, inverter characteristics, and voltage of the electric demand. This is 

mathematically expressed as: 

           
        
        

 

(eq. 16) 

where VAC,load is the voltage of the AC load and VPV(MPP) is the maximum power point voltage of an 

individual PV panel. The approximation is included to account for voltage discrepancies between the AC 

load and the DC bus load that can be regulated by the charge regulator and inverter. The number of 

strings that are required in parallel, xPV,parallel, is then varied in the optimization algorithm to match the 

load requirements in conjunction with the CHP unit. The value of xPV,parallel would range from 0 in a 

system that relies entirely on the CHP unit to operate and an entirely autonomous PV system with no 

batteries that provides full coverage for the required load. Mathematically, this can be roughly expressed 

as the maximum electrical load divided by the power produced by the maximum power the panel could 

produce at any given time:   
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(eq. 17) 

where ηsystem is the efficiency of the system after losses incurred in the charge controller, inverter, and 

wiring. In order to calculate the power output, first the current Iarray produced from a PV panel that is 

connected to an maximum power point tracker (MPPT) device at the i-th hour is calculated as (Ai,2003; 

borowy, 1996) 

                             
           
          

           

(eq. 18) 

where 

         
        

       
       

        

          
  

      

        
       

  

     
        
       

 

 

                                 
        

    
            

            
        

    
       

        

    
            

                        

                                       

As the performance of the PV is dependent on the solar irradiation on the inclination angle, the 

Hay model is used to correlate hourly horizontal irradiation to a tilted surface (Duffie & Beckman, 2006) 

                                                                

(eq. 19) 

where 
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The reader is referred to the nomenclature for a complete list of symbol definitions. The current 

output of the entire array would equal to the product of the panel output and the number of strings in the 

array. 

                                 

(eq. 20) 

The sizing of the array is dependent on the number of strings, xPV,parallel, and as such is determined 

to be a design variable in the model. The inclination of the PV array, β, is optimized for the given location 

such that the maximum annual output for the given array size can be achieved. A good rule of thumb is to 

calculate the angle as the product of 0.9 and the latitude of the system location for annual maximization 

(Messenger, 2003). PV simulation systems such as PVSyst also provide system losses as a result of the 

inclination angle and can be used to determine optimum output for a given location. Alternatively, the 

angle can be varied seasonally or monthly. But this method would have to be weighed against additional 

operational and maintenance costs. PV collector tracking devices are also capable of following the sun 

(either through one or two axes), but have higher maintenance costs and failure rates due to a relatively 
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high amount of moving parts and are therefore not used in the model. The PV array output power at hour i 

would then be defined as 

                                              

                                                     

(eq. 21) 

The energy output would then be presented in kWh as the sum of the power output at each hour i 

                                                       

    

   

 

(eq. 22) 

The proposed model will be drawing from a databank of different panel types that the user can 

define. Each panel type in the databank matrix will have the necessary panel characteristics for the model 

to run through the necessary iteration. A detailed list of the panel specifications and the technology 

samples used for the model are presented in Chapter 4. The GA will then randomly alternate between the 

panel types for fitter function. The variable that alternates between the panel types is referred to 

symbolically as xpv,nom,j.  

3.4.2 Costs 

The capital costs required initially to install the system is naturally dependent on the panel type and arrays 

size. As such, the initial capital costs are defined as 

                                                         

(eq. 23) 

where             is the size of the panel type j and BOSPV and INSTPV are the price per wattage costs of 

the balance of system and installation costs 

The costs required for the operations and maintenance of the PV array rely on the panel type, 

racking type, and surrounding environment. For example, tracking arrays (both one axis and two axes) 

require considerable upkeep due to moving parts and are not considered in this model. Most panels have a 
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20-25 year warranty, therefore requiring considerably little replacement costs in a 20 year life cycle 

analysis. More polluted regions such as cities or industrial centers can increase maintenance costs by 

requiring frequent wash-ups and snowy regions may require regular wipes to maintain its performance 

(Hayden, 2005). The discounted operating cost of the PV system is given as follows: 

                                                         

(eq. 24) 

where      is the annual fixed maintenance costs based on estimates derived from technical reports 

(Seeling-Hochmuth, 1999). This value is expressed as a function of wattage size of the PV panel. Most 

PV panels are warranted for 25 years. As such, the replacement cost of the PV panels is expected to 

happen once every 25 years and can be defined as 

     
     

       
 

(eq. 25) 

The replacement cost is only added once every 25 years after installation. 

3.5 CHP 

3.5.1 Performance 

Modeling the performance and costing of the CHP unit has two separate but related performance criteria. 

Heating and cooling load, or the thermal data, on one hand and the electrical load on the other hand are 

inextricably linked. As such, it is important to design a strategy that will meet the requirements of the user 

in all load categories. For example, a grid connected utility may be better off matching thermal data, 

while an independent system has to prioritize meeting electrical requirements. The electrical requirements 

are in turn affected by the performance of the photovoltaic array and by extension the geographical 

location of the system. In some legislative and economic frameworks, there are penalty costs for using 

electricity during certain hours of the day that is necessary for the user to obtain electricity and can be 

ameliorated by electric load following. 
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The performance of an individual CHP unit j by a partial load variable can be defined as  

 

                     

(eq. 26) 

This means that the jth CHP engine in an array of CHP engines operates at a partial load (fraction) that 

ranges from 0 to 1 at any hour i. The output of a single CHP engine j at an hour i would then be equated 

as 

                                         

(eq. 27) 

                                         

(eq. 28) 

where PCHP,j and QCHP,j are the electrical and thermal output of the CHP unit, respectively, and expressed 

in kilowatts while xCHP,j(kWe)  and xCHP,j(kWt) are the nominal electrical and thermal output  fraction . It 

should be noted that xCHP,j is one variable representing a single CHP unit j and is a variable that is to be 

optimized based on a pool of different CHP units including IC, Stirling, and fuel cell technologies.  

The energy utilization factor of the CHP unit at a given hour can then be equated as  

            
                   

         
 

(eq. 29) 

where FCHP,j is the fuel input. The fuel input, or the amount of fuel consumed by the CHP unit expressed 

in kW, is also a function of xCHP,part,j and can be determined by using a correlation equation. As explained 

in chapter 2, CHP engines operating at partial use a lower percentage of fuel input to maintain their 

operation. As such, a generic function for the fuel input or consumption of the CHP unit at a given hour i 

is defined as 

                            

(eq. 30) 
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This indicates that the fuel consumption at hour i is a function of the partial load of the given hour 

multiplied by a correction factor CorrCHP intended to account for consumption of fuel during start-up 

times. The function of the fuel input can be manually entered based on the technical specification sheet of 

a given CHP unit and correlated with                as a variable. For the model, the CHP unit is assumed 

to be operating at a minimum of 50%, which in most instances does not cause a significant change in the 

efficiency of the fuel consumption. Therefore the fuel consumption is a constant value dependent on the 

fuel type. The user can introduce a nonlinear fuel curve based on empirical data and basic regression 

analysis. Since            is an arbitrary value that is determined by the user, this variable is subject to 

sensitivity analysis studies in Chapter 4.  

In most instances, the voltage rating of the CHP unit is designed for parallel connections and 

accustomed to utilities. This would mean that a string of CHP units will not exceed any more than one 

and any additional CHP units will be placed in parallel. Furthermore, CHP units manufactured in a 230 V 

or 240 V utility will require transformers to operate in a 110 V environment and vice versa. For the sake 

of simplicity, transformers and their respective losses are not considered in this model and is assumed to 

be encompassed in the overall system losses. Such power differences are normally handled by the charge 

controller and battery charger and are therefore considered to be negligent in this hybrid system. The 

power output of the entire CHP array would then be equivalent to 

                                                           

(eq. 31) 

                                                           

(eq. 32) 

In order to devise an electric power flow diagram for the system, the electric current of the CHP unit can 

be defined as  

          
         

        
 

(eq. 33) 
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while the current of the CHP array is 

              
                                            

        
 

(eq. 34) 

The annual produced electric and thermal energy of the system would then become 

                                                           

    

   

 

                                                            

    

   

 

(eq. 35) 

and the annual EUF would be 

                                                               
              

         

    

   

 

(eq. 36) 

The performance of the CHP unit has introduced three new design variables into the model, where 

xCHP,parallel and xCHP,nom,j are sizing criteria while xCHP,part,j is an operational decision. The latter variable will 

not be necessarily be optimized for every hour using GAs as that would require significant computing 

time and provide unnecessary and unrealistic simulations, but rather determined based on dispatch 

strategies and power flows that will be explained in further detail. The energy utilization factor is 

considered to be a performance indicator for the CHP unit. 

3.5.2 Costs 

Similar to the photovoltaic component of the system, the CHP component is comprised of an initial cost, 

an operational cost, and replacement cost. The initial cost of the CHP is equated as 

                                           

(eq. 37) 
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where INSTCHP is the installation costs associated with the CHP units expressed as a fraction. The 

operational costs for a given year n is defined as 

           

                                                                              

(eq. 38) 

where       is the fixed maintenance costs based on the system wattage and       is the variable 

maintenance cost that arises per kWh of produced electrical output.. The cost of the fuel for n years, 

           , can be calculated as 

                            

    

   

 

(eq. 39) 

where    is the price of fuel per unit energy. The replacement of the CHP unit is given as  

         
      

                     
 

(eq. 40) 

where nchp,replacement is the year in which the user wants to replace the CHP unit. The replacement cost is 

only added in multiples of year n. 

3.6 Battery 

3.6.1 Performance 

In modeling the battery, attention should be paid to the performance and long term deterioration based on 

the state of charge (SOC) of individual batteries and the battery array. However, the model should not be 

bogged with minute details of the performance of the battery so as to unnecessarily increase iteration time 

or complicated decision variables that are to be optimized in the algorithm. Manwell et al. (1993) have 

developed an accurate but tedious model which can be used for both charging and discharging the battery 

that is specifically concerned with the apparent change in capacity as a function of charge and discharge 
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rates. It assumes that the charge can be stored in two ways, either as immediately available or as 

chemically bound. Borowy and Salameh (1996) have developed a methodology for calculation of the 

optimum size of a battery bank and the PV array for a standalone hybrid Wind/PV system where for a 

given load and a desired “Loss of Power Supply Probability”, an optimum number of batteries and PV 

modules was calculated based on the minimum cost of the system.  

Schumacher‟s model,  used here, stipulates that the state of charge of a battery at hour i+1 would 

be dependent on the self-discharge rate σ and the charging efficiency ηbatt that is a value of 1 if 

discharging and a function of the charge current ranging from 0.65 to 0.85 if charging without gassing. 

Gassing occurs at critical SOC and will subject ηbatt to 0.01 to 0.3. Therefore, ηbatt is a function of the 

current charge/discharge of the battery 

       
                                                                 

                                         
  

(eq. 41) 

where Ibatt,j is the current produced from the battery type j in the battery array. Constraints will be 

incorporated into the model such that 

                          

(eq. 42) 

where SOCmin,j and SOCmax,j are the minimum and maximum values of SOC an individual battery can 

reach for a type j in amp-hours. The maximum allowable depth of discharge, or the amount that the SOC 

can drop to (SOCmin), varies based on battery type, temperature, and discharge rate. For most deep cycle 

discharge batteries, the depth of discharge can drop to as low as 20% of the nominal SOC of the battery. 

However, risking such low SOC can deteriorate the lifetime of the batteries and drive up replacement 

costs and can be calculated for 40-50% of the nominal SOC for better lifetimes. The maximum amount of 

SOC (SOCmax) could be 100% of nominal SOC, but would risk overcharging (and detrimental gassing) 

and is placed at 98% for this model. 

The SOC itself of a single battery j is given as 
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(eq. 43) 

where    is the difference in time, which is in this case 1 hour, and   is the self-discharge rate of the 

battery. A deep cycle battery would typically lose 2 to 3 percent of its charge every three months 

(Schumacher, 1993). The collective SOC of the array would then be equivalent to 

                                                                    

(eq. 44) 

where                is the number of strings of batteries required to meet the requirements of the system 

that is to be optimized. The number of batteries in a string,            , is introduced as a variable that 

should not produce a voltage that exceeds the maximum allowable voltage for the charge controller 

             
              

       
 

(eq. 45) 

where Vbatt,j is the voltage of the battery type j. The voltage of the entire bank would then become 

                                

(eq. 46) 

The charge or discharge of the battery current, however, is complicated and subject to various constraints. 

A battery type j is subject to maximum charge and discharge rates as determined by the manufacturer, as 

well as the minimum and maximum amount of SOC the battery has. Typically, deep cycle batteries are 

capable of charging at a maximum rate of 
        

 
 while between 10-85% of         , while capable of 

charging at a maximum rate of 
        

  
 at any greater percentage of the state of charge. These restrictions 

are primarily due to overheating prevention of the battery cells that has many inadvertent effects on the 

performance of the battery. Similarly, the maximum discharge current rate rarely exceeds 
        

  
 for all 

states of charge (Borowy and Salameh, 1996). 



61 

 

For this model, the possible current of the battery bank is negative if charging and positive if 

discharging and hour i is defined as  

                      

             

                                        

                   
                                                     

  
  

                 

(eq. 47) 

where ch(i) is indicative of whether the batteries are charging or discharging at hour i: 

       
                      
                   

  

(eq. 48) 

The actual charge or discharge current is subject to a partial load variable for the entire battery, xbatt,part(i), 

that is controlled by the charge controller and defined as  

                                                   

                  

(eq. 49) 

Similar to the photovoltaic and CHP components, the battery draws from a databank of available 

technologies. The databank comprises a list of batteries as specified by their voltage and battery capacity. 

3.6.2 Costs 

The battery‟s initial capital costs are 

                                                            

(eq. 50) 
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where INSTbatt is the installation and balance of system costs associated with the batteries expressed in a 

percentage of the total battery bank cost. 

                                                                   

(eq. 51) 

where        is the annual amount of capital costs that arise and is determined based on the size of the 

battery system. The replacement of the battery bank is given as  

       
                    
                      

 

(eq. 52) 

where nbatt,replacement is the year in which the user wants to replace the battery bank and EnvCostsbatt is the 

environmental costs associated with disposing of the battery as a function of battery tonnage. The 

replacement cost is only added in multiples of year n where the battery is required to be replaced. Since 

battery lifetimes are primarily rated on the amount of kWh they produce, the batteries are assumed to be 

replaced based on the following equation. 

                  
                                   

                    
    
   

 

(eq. 53) 

where  Lbatt,j is the lifetime of the battery expressed in kWh. 

3.7 Single Point Components 

For the sake of simplicity and reduced computational time, the remainder of the components of the 

proposed system will not be subject to optimization but are rather constrained by the three varying 

components (CHP unit, PV array, and battery bank). The remainder of the components is assumed to be 

only performance based and will not be included in the cost function of the model. Addition of these 

components are assumed to be uniform regardless of the system specifications and are absorbed by the 

installation, balance of system, and operational costs of the three primary components. It is presumed that 
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the following components will have to be sized to accommodate the PV array, battery bank, and CHP 

unit. 

3.7.1 Charge Controller 

The charge controller, unlike other components within the system, serves as a connecting node between 

other components (PV array, battery bank, and battery charger). In a real scenario, the charge controller 

would also be responsible for much of the controls, in particular with respect to the PV performance (for 

functions such as MPPT tracking) and the battery bank to prevent charge and discharge. Therefore, a 

charge controller‟s performance is subject to the amount of current produced and absorbed by the PV 

array, battery bank, and battery charger. Each transaction through the charge controller (ie. PV to battery, 

battery to inverter, PV to inverter, battery charger to battery) is subject to an efficiency loss by the 

component‟s control mechanism, ranging from 1-3% (Seeling-Hochmuth, 1999). The power flow in the 

charge controller can be presented as 

                                             

                          
        
          

                               

(eq. 54) 

In the model, the battery bank is the only component that has the potential of acquiring a different 

voltage than the AC load that should be accounted for in the power flow. 

3.7.2 Inverter 

The inverter is responsible for converting DC electricity within the system to AC current such that it can 

be utilized for the load applications. The DC input can be either the battery discharge current or power 

produced directly from the PV array. Since the overall efficiency of the inverter is given as the ratio of the 

power output over the power input, or 
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(eq. 55) 

and the voltage of the DC and AC components of the system are equivalent, the current output of the 

inverter is given as 

                                                   

(eq. 56) 

For practical purposes, inverter selection should be based upon the voltage requirements of the AC and 

DC bus loads as well as the power processing capability (Messenger, 2003). Inverter efficiencies vary 

based on technology and manufacturer, but the default value for the proposed model is 0.95. A more 

advanced optimization model would also include a variable accounting for the proper size of the inverter 

since including inverters of excessive power output capabilities can unnecessarily drive up initial and 

operational costs. Additional features can include more realistic control mechanisms that are reflective of 

inverter systems (Driesse, 2008). 

3.7.3 Absorption Chiller 

The essential operation of an absorption chiller is to convert heat input obtained from the CHP unit into 

cooling capacity. As explained in chapter 2, the ratio of the cooling capacity Qcool obtained at the 

evaporator to the heat input of the CHP. This range varies from 0.6 to 1.2 depending on the chiller type, 

and can vary with respect to percentage of nominal capacity utilized (similar to the CHP unit partial load 

capability). However, this component is treated as a single point black and is assumed to have a constant 

COP of 0.9. Therefore, the cooling capacity of the absorption chiller at an hour i is equal to  

                                                

(eq. 57) 

3.7.4 Battery Charger 

The battery charger has the opposite responsibility of the inverter, which is converting AC current into 

DC output. The only AC source for the charger would be the CHP unit and the only recipient for its 
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converted DC current is the battery bank and regulated by the charge controller. Similar to the inverter, 

the parity of the DC and AC voltage allows for the output current to be equated as  

                                        

(eq. 58) 

3.7.5 Heat Recovery 

Heat recovery systems are already accounted for in the CHP efficiency. Therefore, this component of the 

system is assumed to have no impact on the operations of the system. An efficiency point can be 

introduced to account for heat distribution in the future, but this level of detail is beyond the scope of the 

model. 

3.8 Dispatch Strategy 

The dispatch strategy is intended to control the system such that the load requirements are met. In the 

design and optimization of such a system, it is important that the load profile is representative of the 

annual consumption and not subject to extreme anomalies as that may lead to mis-fitting the system 

capabilities. There are a number of strategies suggested by [Agustin and Dufo-Lopez, 2009; Manwell et 

al., 2006; Labandeira et a., 2005; Borowy and Salameh, 1996; Seeling-Hochmuth, 1999] that have varied 

from focusing on maintaining system autonomy to ensuring 100% grid reliability and to minimizing 

excess power production.   

The proposed system in the model has two general load categories, electric and thermal. The 

thermal load is further split into domestic hot water usage, space heating, and space cooling. As the 

thermal output of a CHP unit tends to be larger than the electrical output, the dispatch strategy first 

prioritizes on first matching the electrical load and in the event that the thermal load is not met afterwards, 

is altered to match the thermal load. Figure 3.5 provides a truncated graphic representation of the dispatch 

strategy. In this model, the equations and logic statements are condensed representations of the power 

flow described in the previous sections. The thermal component of the strategy is demarcated by the 

dashed polygon, while the electrical component pertains to outside of the polygon. Excess electric power 
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is first placed into the batteries, and in the case the batteries are at their maximum state of charge, the 

electricity is disposed either onto the grid or into the ground based on whether they are a grid-connected 

or stand-alone system. Excess thermal power is dumped as waste heat through an exhaust. The following 

is an outline of the dispatch strategy. 
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-

1. If SOC>=SOCmax, then dump 

and reward  IPV,array - IAC,load if 

applicable

2. Else if SOC<SOCmax, then 

charge with  IPV,array - IAC,load. 

Dump and reward extra IPV,array 

if applicable.

<

>

Determine heating 

or cooling load. 

Utilize absorption 

chiller if cooling. 

>

Ibatt,bank = IPV,array 

+Ichp,array-Iac,load 

Battery partial 

charge variable 

adjusted to meet 

power excess. 

Dump and reward 

excess power if 

applicable

<=

=

>

If SOC<SOCmax, 

then CHP partial 

load variable is 

increased to 

maximum possible 

or sufficient capacity 

for charging battery. 

Ibatt,bank = IPV,array 

+Ichp,array-Iac,load 

Battery partial 

charge variable 

adjusted to meet 

power excess. 

Dump and reward 

excess power if 

applicable.

<

System cannot 

meet electric load 

at hour i. 

(Penalize)

=

>

1) Increase partial load 

variable of CHP if possible

2) Reduce battery bank 

discharge if applicable

3)Charge battery bank if 

SOC<SOCmax

4)Dump and reward excess 

power if applicable
Dump excess 

heat.

<=

Done

xCHP,part<1

xCHP,part = 1

System cannot 

meet thermal  load 

at hour i. 

(Penalize)

System cannot 

meet electric load 

at hour i. 

(Penalize)

>

Qheat + Qcool*COPabs = Qchp 

Qheat + Qcool*COPabs > Qchp 

Iac,load ? IPV,array

=

>

SOC ? SOCmin

<=>

Iac,load ? IPV,array +Ibatt,bank

Battery array discharge variable 

adjusted to meet demand

=

Qheat + Qcool*COPabs? Qchp 

Iac,load ? IPV,array +Ichp,array

CHP partial load variable adjusted 

to meet demand. CHP must be 

operated at >50% capacity

Iac,load? IPV,array 

+Ichp,array+ Ibatt,bank

Iac,load ? IPV,array +Ichp,array

CHP partial load variable adjusted 

to meet demand. CHP must be 

operated at >50% capacity

 

Figure 3.5- Flowchart Diagram of System Dispatch Strategy 
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1. The dispatch strategy begins with the output of the PV array. This component is most intermittent 

and the hardest to control as its performance is dependent primarily on weather characteristics 

that are external to the system supervisory control. There are three control pathways that concern 

the PV component: 

 

a) If                                         , then the control is concerned with matching 

the thermal requirement. (step 4) 

b) If              
           

               
 , then ch(i)=1 and 

                    

        

          
                                                       

                      
 so long as 

SOCj<SOCmax,j. If the state of charge of the battery is at its maximum, the excess electricity is 

dumped. The control is now concerned with matching the thermal load. (step 4) 

c) If              
           

               
, the supervisory control becomes concerned with utilizing the 

battery for matching the consumer electric load (step 2). 

 

2. If 1c holds true, the first condition required to be met for utilizing the battery is to have a SOC 

higher than the SOCmin: 

a) If               , then ch(i)=0 and 

                    

        

          
 

           

               
              

                      
 . The supervisory control is now 

concerned whether or not the battery and PV outputs are sufficient in matching the electrical 

load requirement. 

i. If              
          

        
              

           

               
, then electrical load is met 

and The control is now concerned with matching the thermal load (step 4). 



69 

 

ii. If              
          

        
              

           

               
, then               is set to 

zero, and the CHP is activated. The control is now concerned whether or not the CHP 

and the PV outputs are sufficient in matching the electric load (step 3). 

b) If              , then 

               

      
                                 

          

        
                                                                   

                             
  

and                   . The supervisory control is now concerned whether or not the CHP 

and PV outputs are sufficient in satisfying the load. 

i. If                                                        , the objective 

function is penalized for failing to meet electric load. The control is now concerned 

with matching the thermal load (step 4). 

ii. If                                                        , excess            

             is used to charge the battery and if still possible, excess            

                       is used to as well. Any excess power is dumped. The control 

is now concerned with matching the thermal load (step 4).  

 

3. If 2.a.ii holds true, then 

               

      
                                 

          
        

                                                                   

                             
  

and                   . The supervisory control is now concerned whether or not the CHP and 

PV outputs are sufficient in satisfying the load. 

a) If                                                        , then electrical load is met 

and The control is now concerned with matching the thermal load (step 4). 
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b) If                                                         and if                 , 

excess                                   is used to charge the battery. Any excess power is 

dumped. The control is now concerned with matching the thermal load (step 4). 

c) If                                                        and if                 , 

then                     

        

          
 
                         

               
              

                      
 . The control is now 

concerned whether or not all three components are sufficient in matching the electrical load. 

i. If                               
          

        
                             

           , the objective function is penalized for failing to meet electric load. The 

control is now concerned with matching the thermal load (step 4). 

ii.  If                               
          

        
                             

           , electric load is met and control is now concerned with matching the 

thermal load (step 4). 

4. All possible results of the dispatch strategy eventually lead up to this step, which is concerned 

with meeting the thermal load requirements.  

a) If          
        

      
              , any excess heat is dumped through the exhaust 

and the strategy is terminated for hour i. 

b) If          
        

      
               and                 , then                

      
          

        

      

                              
  and                   . The electrical output of 

the CHP unit has now been increased and therefore the supervisory control is now 

concerned with excessive electrical current. 
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i. If ch(i)=1 and               , then 

                    

        

          
                                                        

                                          
 . In 

the event that the maximum partial load variable for the battery is reached, any 

remaining               is dumped and the strategy is terminated for hour i. 

ii. Otherwise if ch(i)=0,               is dumped and the strategy is terminated for hour 

i. 

c) If          
        

      
               and                 , the objective function is 

penalized for failing to meet the thermal load and the strategy is terminated for hour i.  

3.9 Benefits and Penalties 

In GA, benefits and penalties are introduced that will give added weight to desirable or alternatively, 

undesirable outcomes of different scenarios. The benefits of the proposed hybrid system, as mentioned 

before, can include excess electricity production. The exact economic quantification of this benefit is 

dependent on the economic and legal framework of the specific system. For example, in some utility grid 

systems, excess electricity dumped onto the grid will yield on par electric costs from the utility. For 

example, if it costs 10 cents to buy 1 kWh of electricity from the grid, the user can received 10 cents for 

every kWh produced. In other instances, the producer is compensated at a lower market value. Finally, in 

certain regional grids such as Ontario and Germany (these regions vary in size and user preferences), 

feed-in-tariffs are introduced to promote single-point user generation. Such feed-in-tariffs have elaborate 

and differing schemes. For example, Ontario‟s Green Energy Act will allow for up to 80 cents for every 

kWh produced from certain photovoltaic systems, but have different payment schemes for other sources 

of energy. For the purposes of optimization, any excess energy produced is not considered as a benefit, as 

the objective has been to meet system requirements at minimum cost without having to export to the grid. 

Similarly, the penalty for failing to meet either the thermal or electrical components of the system is equal 

to the product of the number of hours failed and the unit cost of failing to meet the energy requirements.  
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The net penalty and benefit function is mathematically defined as  

                                                         

                                  

                                        

                                                            

(eq. 59) 

where     and     are represent the unit thermal and electric costs, the subscripted W‟s are either 

constant or nonlinear weight functions indicating the severity of failure of their respective load categories, 

and fel  and fth indicate respectively whether the electric or thermal load has been met at a given hour i 

(with a value of zero if load is met and 1 if otherwise). This indicates that the value of penalties and 

benefits increases as the system becomes less fit and decreases if it matches load requirements or more fit. 

3.10 Emissions 

The model also incorporates the impact of emissions on the system‟s fitness. Until greenhouse gas (GHG) 

emissions are taxed, it is difficult to assign a uniform monetary value to quantify the impact of emissions, 

a separate fitness function is introduced designed to quantify the amount of emissions produced by the 

system. This function has two components, the first representing the amount of emissions saved from grid 

independence and the second the actual amount of emissions produced from the CHP unit. A collection of 

emissions data has been presented in Chapter 2 of the model. 

Primary GHG emissions during power generation include carbon dioxide, methane, and nitrous 

oxide and are characterized by their global warming potential (GWP). The strength of carbon dioxide is 

used as a reference for GWP as it is the main gas of interest in discussions surrounding global warming. 

Nitrous oxide and methane have GWPs of 298 and 25 by mass for a period of 100 years, respectively 

(Forster et al.) 
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The greenhouse gas emission intensity of different grid systems based on province is also 

provided by Environment Canada. The quantity of greenhouse gas (GHG) emissions per megawatt-hour 

for a specific fuel is known as emission intensity and can be measured in tonnes of carbon dioxide 

equivalent emissions per gigawatt-hour. Emissions intensities vary according to the specific type of fuel 

used, the quality of that fuel, the conversion technology used and the efficiency of the combustion unit. 

Electricity intensity values were derived for each fuel type using GHG emissions estimates and electricity 

generation data. Table 3.2 presents greenhouse gas emissions intensities related to the generation of 

electricity on provincial and national levels in CO2 grams equivalent per kWh produced (Environment 

Canada). 

Table 3.2- Electric grid emission intensity of select Canadian locations
5
 

 2008 Overall Intensity    

(g CO2 eq/kWh) 

Canada 200 

Nova Scotia 790 

Ontario 170 

Alberta 880 

British Columbia 20 

Quebec 2 

 

The emission quantity for the proposed system would be mathematically defined as 

                                                                               

    

   

   

(eq. 60) 

where                represent the intensity values of unit carbon dioxide emissions for the CHP, 

nitrogen oxide emissions for the CHP, and carbon dioxide emissions for the grid. Emissions for the CHP 

                                                      

5
 Emissions do not account for indirect emissions associated with large hydro and nuclear facilities. 
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unit do not account for the thermal load as the emission intensities are characterized based on the 

electrical energy output. The thermal output would therefore have no impact on the emissions as it is 

directly correlated to the electric output. The grid system, however, would require energy and therefore 

emission production to produce either electrical or thermal energy. 

 The reader should be warned that the model does not account for the emission intensity variations 

during the different hours of the day and thus could pose a potentially significant source of error. A grid 

could be operating on coal power during only 6 hours of the day and would therefore have emissions 

lower than its presented average value for the remaining 18 hours of the day. This would necessarily 

create a significant impact on the annual emission output of the system and thus should be accounted for 

in future refinements of the model to specific grids. On a related note, the model does not account for 

heating technologies based on different provinces. Homes in Vancouver, for example, rely significantly 

on electric heaters and thus would have considerably different emission intensities with fossil fuel based 

technologies present in Ontario. Furthermore, emission outputs related to the manufacture of the different 

system components are not accounted for and should be considered for a more robust model. 

3.11 Objective Functions 

The final piece of the model pertains to the objective functions of the entire system. In GA, the objective 

function is dubbed as the fitness function, which will determine the advantage or disadvantage of a 

particular string of variables compared to the remainder of the population.  The objective function is the 

final determinant of the system‟s performance based on the user‟s interests and goals. In the model, there 

are two competing objective functions that cannot be quantified in similar manners: life cycle costs and 

emissions. While there has been scholarly work on the quantification of emissions in monetary values, 

these are heavily dependent upon model assumptions, geographic location, as well as legal and economic 

frameworks that can vary from city to city. The present purpose of the proposed hybrid optimization 

model is not to be constrained to specific applications, though such specifications could certainly be 

worked in any future adaptations of the model. 
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Based on the aforementioned equations, the two fitness function for a system intended to last for 

20 years are mathematically defined as  

 

                         

    

   

                       

              

 

(eq. 61) 

             

(eq. 62) 

Since the genetic algorithm is designed to minimize the objective functions, undesirable outcomes (such 

as increased costs and emissions) are given a positive value while desirable ones are given a negative one. 

To summarize, the objective functions in turn are determined based on a number of sizing and operations 

variable as presented in table 3.3. 

Table 3.3- Summary of Variables for Sizing and Operational Optimization 

 Variables 

System Sizing xpv,parallel , xpv,nom,j , xbatt,parallel , 

xbatt,series , xbatt,nom,j , xchp,parallel , 

xchp,nom,j  

 

Operations xchp,part,j , xbatt,part,j  

 

 

3.12 Performance Indicators 

This model has introduced three main performance indicators that are non-essential to the optimization 

process and are performed outside of the main performance simulation framework. The main indicators 

each have subcategories that reveal the performance of individual components to the overall system. 

These indicators are primarily intended to provide a contextual and visual reference to understand the 

system dynamics with respect to system and user specifications.  
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First, the performance index is characterized as the ratio of supplied power to required load. The 

performance index is subcategorized into overall system (OS), electrical power sources, PV, battery, CHP 

electrical, and CHP thermal. Mathematically, these are expressed as  

         
                                                      

                                  

    

   

 

         
                                        

           

    

   

 

         
            

           

    

   

 

           
             

           

    

   

 

              
             

           

    

   

 

             
             

                      

    

   

 

(eq. 63) 

Second, the normalized power supply index is defined as the amount of power produced per power source 

to the system capacity. Similar to the performance index, the overall power supply index categorized 

based on the performance of the  overall system, electrical power sources, PV, batteries, CHP electrical, 

and CHP thermal. Mathematically, these are expressed as 
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(eq. 64) 

where the subscripted SystSize represent the system size for the different components or component 

groups.  

Finally, the load-supply match index is intended to demonstrate the timeliness of produced energy 

to required loads. While the previous two indicators may demonstrate the ratio of absolute production to 

absolute demand, they do not effectively demonstrate the system‟s capabilities in meeting peak load 

times. The load-supply match index, similar to the capacity factor defined in Chapter 2, provides this 

information as the ratio of summed excess and shortage of both electrical and thermal supply to the entire 

load. This index is categorized by overall system, electrical components, and thermal components. 
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(eq. 65) 

where                                    and           represent electrical and thermal excesses and 

shortages respectively. 
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Chapter 4 

Simulation and Optimization Results 

This document has extensively looked at the different components of the system in chapter 2 and 

attempted to model the behavior of the system and devise separate and competing objective functions for 

the optimization method in Chapter 3. This chapter is dedicated to demonstrate results obtained after the 

model was coded and run in MATLAB‟s optimization toolbox that has a built-in genetic algorithm 

function. An overview of the obtained case studies as well as used technologies is presented in the next 

few sections. 

4.1 Implemented Algorithm for Optimization 

The focus of Chapter 3 has been to model the behavior of the proposed system based on the proposed 

dispatch strategy and component behaviors. In this chapter, the entire optimization routine, including the 

calculation of fitness functions based on the modeled simulation is presented. Figure 4.1 presents a visual 

diagram of the steps necessary to achieve optimized systems from required inputs. Raw irradiation and 

temperature data from the METEO database is accessed through PVSyst 4.37. User load can either be 

obtained from hourly data that is simulated using the Canadian Hybrid Residential End-Use Energy and 

Emissions Model (CHREM) (Swan, 2010) or from logged data for a particular building. In the model, 

representative load profiles of space heating, space cooling, domestic hot water, and electrical loads were 

used. The CHREM is explained in further detail in the next section. The raw data is then subject to 

essential processing steps to ensure compatibility between the data format and the coded program and 

coupled with the dispatch strategy to provide fitness functions for each individual member of the GA 

pool. The GA optimizer would then determine a new population based on the fitness functions and iterate 

until it converges to an appropriate value. The optimized system would then be subject to a set of post-

processing steps necessary for producing graphical and tabulated outputs. 
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Figure 4.1- Algorithm for Proposed Simulation and Optimization 

In particular, the raw monthly irradiation data is converted into direct beam radiation for the 

optimal tilt angle of a given location. The synthesized hourly irradiation on a tilted plane is coupled with 

the hourly ambient temperature to determine the PV array characteristics. The genetic algorithm code is 

designed to select a technology from a pre-built database of PV technologies. Similarly, the battery and 

CHP technologies, as well as the configurations of the different components (the seven sizing variables 

described in Chapter 3) for one unique simulation is selected by the genetic algorithm optimizer. This 

technology selection is coupled with the hourly end-use energy consumption to simulate the necessary 
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system dynamics that ultimately define the two fitness functions of emissions and costs. The genetic 

algorithm optimizer compiles these unique simulations from its selected sizing variables until the 

generation size met its maximum population as defined by the user (MATLAB recommends a population 

size equaling to 15 times the number of variables, or 105 in this model). The optimizer would then 

organize and select the better fitness functions based on the operators defined in the previous chapter and 

selects a new population of variables. The new population of variables generates a new population of 

fitness functions until ultimately the optimizing function reaches optimization stopping criteria such as a 

pre-determined maximum number of generations or a defined number of stalled generations. 

4.2 Load Data 

The model is the first study to investigate the simulation and optimization of PV-CCHP systems based on 

both emissions and costs, so initially simulation methods have been used used that represent the different 

load categories at an hourly basis based on the CHREM model. Generally speaking, energy modeling 

consumption techniques are broken down into top-down and bottom-up approaches. Top-down methods 

rely on historical and aggregate billing data, approximate usage profiles, macroeconomic indicators, 

energy price, and the general climate to generate projections and future trends. This method, however, is 

useful in contiguous periods of time and cannot account for price shocks or new technological 

breakthroughs (Tororu, 2002; EIA, 2009; Labandeira, 2005). The bottom-up approach to energy modeling 

is broken down into statistical and engineering methods. The statistical method utilizes regression 

techniques to attribute total measured variables to individual users (similar to the top-down method) but 

also is capable of accounting demographic and user occupancy behavior to generate end-use load data 

(Hirst et al, 1986; Parti and Parti, 1980; Yang et al., 2005). Similar to the top-down method, this model is 

unable to account for any discontinuities such as technological breakthroughs due to its reliance on 

historical data. The engineering method utilizes appliance ratings and occupancy behavior as well as 

thermodynamic and heat transfer principles to provide high resolution and specific models of end-use 

consumption. Most developed models, however, treat occupancy behavior at a very rudimentary level and 
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thus fail at capturing the variety and variability of occupant behavior (Kadian et al., 2007).  Occupancy 

behavior has shown to have a significant impact on the end-use energy consumption of households. For a 

more detailed review of energy models and pertinent software, the reader is referred to Swan (2009). 

The model has coupled its simulation and optimization platform with the Canadian Hybrid 

Residential End-Use Energy and Emissions Model (CHREM) developed by researchers at Dalhousie 

University (Swan, 2010). The CHREM is designed to: 

 Use statistically representative databases of Canadian energy consumption that contains sufficient 

unique house information to capture the various characteristics of different houses that impact 

end-use energy. 

 Employ a hybrid modeling approach that uses the strengths of various energy modeling methods 

to estimate end-use energy consumption. The bottom-up engineering method is used to allow for 

innovation in energy conservation and production 

 Acquire the ability to assess the end-use energy consumption due to technological breakthroughs 

as well as incremental changes in electricity consumption. 

A simplified flowchart of the CHREM is presented in figure 4.2. 

 

Figure 4.2- Flowchart of the CHREM model 
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The CHREM utilizes a number of input parameters that are designed to capture the house 

characteristics, and therefore energy needs. The selection parameters are  

1. House type (single detached SD or double and row DR)  

2. Region (Atlantic, Quebec, Ontario, Prairies, British Columbia)  

3. Vintage (1900–1945, 1946–1969, 1970–1979, 1980–1989, 1990–2003)  

4. Storeys (1 through 3 including half storeys)  

5. Living space floor area (25–56 m
2
, 57–93 m

2
, 94–139 m

2
, 140–186 m

2
, 187–232 m

2
, 

232–300 m
2
; excluding basement or crawl space)  

6. Space heating energy source (electricity, natural gas, oil, wood, propane)  

7. DHW energy source (electricity, natural gas, oil)  

Access to the end-use energy consumption generated by the model was provided by Dr. Lukas 

Swan of Dalhousie University. Representative end-use energy consumption was obtained for the cities of 

Kingston in Ontario, Montreal in Quebec, Alberta in the Prairies, Halifax in the Atlantic and Vancouver 

in British Columbia. The vintage was requested to be anytime after 1980 and there was a dataset provided 

for both single detached (SD) as well as double and row (DR) types for each region for a total of ten 

datasets. All other parameters were selected at discretion of Dr. Lukas Swan. While the resolution of the 

data was provided in 5 minute intervals, they were compressed to have one hour resolution data for 

reduced simulation time. As each dataset included profiles for all four load categories and 8760 points for 

each load, the final data size for all datasets includes 350,400 points. Appendix A presents the graphical 

representation of the 10 different load profiles. 

Of the five datasets, only Kingston SD, DR and Vancouver SD houses are shown to have space 

cooling loads associated with them. All of the load profiles naturally have increased space heating 

requirements  in the fall and winter period and cooling loads (where present) in the spring and summer 

periods. The DHW loads and to an extent the electric loads are more evenly distributed throughout the 

year as they are primarily occupancy behavior dependent. In instances where cooling is present, the space 

cooling load naturally takes place in the warmer months of the year while the space heating load takes  
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Table 4.1- Mean and Standard Deviation of Load Profiles 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

place primarily in the colder months. The electric and DHW loads, on the other hand, seem to vary 

significantly less with respect to time of year and are highly dependent on the hour of day as they are 

primarily occupant-driven.  

The mean and standard deviation of the different load categories have been tabulated in Table 

4.1. Observing these values reveals a considerable variation between the averages of the SH and SC loads 

and to a lesser extent electric loads in the different regions. The DHW load on the other hand seems to be 

  

SD DR 

  

Mean 
(Watts) 

Standard 
Deviation 
(Watts2) 

Mean 
(Watts) 

Standard 
Deviation 
(Watts2) 

K
in

gs
to

n
 Electric Load 

850 647 995 
825 

DHW Load 
235 499 192 409 

SC Load 
184 526 252 597 

SH Load 
1,086 1,458 999 1,397 

V
an

co
u

ve
r Electric Load 

1,831 1,216 1,246 812 

DHW Load 
155 329 163 346 

SC Load 
987 2,222 0 0 

SH Load 
877 1,302 1,103 1,482 

M
o

n
tr

ea
l 

Electric Load 
598 508 760 550 

DHW Load 
230 488 171 363 

SC Load 
0 0 0 0 

SH Load 
1,225 1,406 1,834 1,939 

H
al

if
ax

 

Electric Load 
1,135 906 652 471 

DHW Load 
226 480 194 412 

SC Load 
0 0 0 0 

SH Load 
1,469 1,770 2,168 2,352 

Ed
m

o
n

to
n

 Electric Load 
1,465 978 646 465 

DHW Load 
260 552 209 443 

SC Load 
0 0 0 0 

SH Load 
1,378 1,980 1,942 2,495 
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more or less consistent in its mean, standard deviation, and variance in all five regions and can be 

attributed to its heavy dependency on occupancy behavior. The slightly higher standard deviation and 

variance of the electric load speaks to the occupant behavior pertaining to appliances as well as the house 

size (larger houses would require greater electric consumption). The SC load and SH load on the other 

hand have significant differences in all three statistical parameters and is primarily a result of the huge 

differences in the weather and thermal envelope of the different regions.  

4.3 Technologies 

The algorithm proposed by the model, much like other optimization and simulation techniques, relies 

heavily on the information provided by the user for available technologies and market values. As such, 

the user is ultimately responsible for correct inputs. While technical criteria can be accumulated at a 

relatively reasonable rate, market prices shift rapidly both spatially and temporally.  Therefore, market 

price values for a system in Kingston, Ontario in 2010 would be significantly different than the same 

system in Vancouver, British Columbia in 2015. As such, the author advises the compilation of a 

technical database pertaining to such hybrid PV and trigeneration systems while at the same time 

recommending the vigilance of users to maintain the most pertinent market information.  

In order to implement the simulation and optimization of the proposed trigeneration system, a 

preliminary database of technologies for the three primary components that are integral to the operation of 

the algorithm have been compiled. The information presented has been stored in matrix formats and were 

called upon based on their respective assigned variables in MATLAB (see Appendix 4 for more detailed 

coding). For example, all of the thermal capacities of the different CHP systems were stored in the second 

column of the database. If System 2 was chosen by the algorithm, the call function would retrieve data 

from the data point at the intersection of column 1 and row 2 in order to determine the thermal capacity of 

the CHP system. 
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4.3.1 PV 

Technical specifications of the following panels were obtained from PVSyst 4.33 technologies database. Panel prices were randomly selected 

around retail price survey of $3.5 per Watt of installation
6
. 

Table 4.2- Database of PV Technologies Used for Model 

 

 

 

                                                      

6
 www.solarbuzz.com 

Manufacturer Model Gref Tref Vmpp Impp Voc Isc Isc Vco Price 

(BOS+PV) 

Fixed 

Maintenance 

  W/m² °C V A V A mA/K mV/K $/W $/W/yr 

Conergy SG 170 M 1000 25 35.5 4.79 44.4 5.27 2.8 -144.24 2.5 0.1 

Conergy Power Plus 230 P 1000 25 30 7.67 36.8 8.08 4.3 -120.85 3.5 0.1 

SolarWorld SW 160 Mono 1000 25 34.9 4.6 43.6 5.1 2 -147.23 3 0.1 

SolarWorld SW 200 Poly 1000 25 28.6 7 36.2 7.6 4.6 -123.49 3.5 0.1 

Trina Solar TSM-180D 1000 25 36.7 4.9 44.4 5.4 4.3 -143.58 4 0.1 

Yingli YL 180 (23) P 1000 25 23 7.83 29.5 8.3 5 -103.05 2 0.1 

Schott EFG 310 1000 25 51.6 6 63.8 6.4 6.4 -173.21 2.5 0.1 

BP Solar BP 340 J 1000 25 17.3 2.31 21.8 2.44 1.5 -73.86 2.5 0.1 

BP Solar BP 380 1000 25 17.6 4.55 22.1 4.8 3.1 -72.8 3 0.1 

Canadian 

Solar 

CS6P - 240 1000 25 30.4 7.91 37 8.61 5.2 -120.81 2 0.1 
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4.3.2 CHP 

Table 4.3- Database of CHP Technologies Used in Optimization 

 

Technical and financial data for the different CHP technologies were obtained based on reports 

from Annex 42 (Energy Conservation in Buildings and Community Systems Programs) of the 

International Energy Agency, article reviews of cogeneration technologies, as well as technology 

product specifications obtained from company websites
10

 
11

. As explained in Chapter 2, only 

                                                      

7
 PEMFC characteristics were collected from Beausoleil-Morrison (2006) 

8
 Accurate NOx outputs were not found for the engine, and thus were assumed to be zero for this engine 

type. This assumption, of course, is not true but has proven to be particularly useful in ensuring the viability 

of the optimization algorithm as elaborated further in the remainder of this thesis.  
9
 IEA review of cogeneration systems estimated fuel cell costs to equal to $2,500 per kW. 

10
 http://www.cumminspower.com/library/datasheets/home.jhtml 

11
 http://www.stirling-engine.de/engl/index.html 

 System 1- 
Honda 

System  2- 
Senertec 

System 3- 
Senertec 

System 4- 
Cummins 

System 5- 
Unidentified 

System 6- 
SOLO  

System 7- 
SOLO 

Technology IC IC IC IC PEMFC7 Stirling Stirling 

Electrical 
Capacity (kWe) 

1 5.5 5.3 10 10 2 9 

Thermal Capacity 
(kWth) 

3 12.5 10.5 33.1 42 8 26 

Fuel Type Diesel Natural Gas Diesel Natural gas PEM Natural Gas Natural Gas 

Fuel Input 
(kWfuel/kWe ) 

4.7 3.7 3.3 3.7 2.9 3.7 3.7 

Fuel Cost 
($/kWh) 

9.25 1. 87 9.25 1.87 0.0188 1.87 1.87 

NOx (g/MWh) 1,300 810 810 1,300 14 N/A8 N/A 

CO2 (kg/MWh) 320 381 381 320 617 90 90 

Life Expectancy 25 21 21 21 11 21 21 

Initial Capital 
Cost ($)9 

5,000 3,020 3,020 4,800 25,000 10,400 13,400 

Fixed 
Maintenance 
($/kW/yr)  

0.5 0.3 0.3 0.21 18 ~0 ~0 

Variable 
Maintenance 
($/kWh)  

0.015 0.015 0.015 0.015 0.0123 0.013 0.013 
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PEMFC was considered for the model as they are considered to be the most suitable for 

cogeneration applications. This data is presented in Table 4.3.  

 

4.3.3 Batteries 

Specifications for battery technologies were obtained using HOMER‟s databse. Price markets 

were based on findings from the internet on October 10, 2010 for Canada. Battery recycling costs 

vary significantly from location to location and in some instances are not available at all. In North 

America, however, battery recycling costs roughly average $1000-$1500 per tonne
12

. The 

environmental costs for the various battery technologies were calculated based on the product of 

their weight and $1250 per tonne. 

Table 4.4- Specifications of select battery technologies 

Battery Voltage 
(V) 

Nominal 
Capacity 

(Ah) 

Expected 
Lifetime 

(Wh) 

Initial 
Cost 
($) 

Fixed 
Maintenance 

Cost ($/yr) 

Variable 
Cost 

($/Ah/yr) 

Environmental 
Costs for 

Replacement ($) 

Hoppecke 10 OPzS 
1000 

2 1000 3,400,000 400 100 0.01 93 

Hoppecke 24 OPzS 
3000 

2 3000 10,213,000 1400 100 0.01 308 

Hoppecke 4 OPzS 200 2 200 674,000 200 100 0.01 22 

Trojan L16P 6 360 1,075,000 500 100 0.01 65 

Trojan T-105 6 225 845,000 100 100 0.01 70 

Vision 6FM55D 12 55 256,000 200 100 0.01 22.5 

 

4.4 Simulations 

To explore the simulation results, the PV-CCHP system‟s monthly electrical and thermal outputs 

were graphed for a comprised of an array of 5 strings of thirteen 340 W PV panels (AC W peak), 

a CHP engine with a capacity of 2 kWe and 4 kWth and a battery bank of six by six 360 amp-

hour batteries (a total of 12,960 amp-hours). The load requirements were determined from a 

                                                      

12
 http://batteryuniversity.com/learn/article/recycling_batteries 
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representative profile of Vancouver SD created by CHREM.  As clearly seen in Figure 4.4, the 

summer months account for a significant portion of the thermal load when the cooling load is 

taken into account. The cooling load has caused a tangible impact on the performance of the CHP 

unit. The CHP unit produced 3.34 MWh of thermal power and 0.84 MWh of electric power more 

annually when accounting for space cooling, or a 7.52% increase. Furthermore, the thermal load-

supply match index improved by 55% (from 3.9 to 1.75) and the overall system load-supply 

match index improved by 30% (from 2.4 to 1.7), indicating a much higher utilization rate of 

thermal waste heat. While the differences are visible, these improvements are more vivid with 

load profiles comprising of larger space cooling requirements. Furthermore, the control 

mechanisms defined in the simulation does not allow for the CHP to provide closer load 

following (therefore producing wasteful energy). Particularly, the „minimum 50% rating‟ 

requirement is necessary to maintain high levels of efficiency for the CHP. As an alternative, the 

dispatch strategy can allow for the CHP to operate at lower than 50% so long as the efficiency 

losses for partial load variables are properly taken into account. Similarly, communal applications 

of the modeled system can allow for fewer losses as there will be many houses consuming greater 

loads that can utilize excess electricity and heat produced by the system. In either case, the need 

to consider all electric and thermal energy loads in an integrated manner is clearly demonstrated 

for future simulation and optimization algorithms.  

As shown further in Figures 4.5 and 4.6, the thermal load and supply of the system is 

accounted for when looking at the hourly performance of the systems of the summer and winter 

periods. While the electrical load remains the same (not shown on the graph), the dynamics of the 

CHP and the remainder of the components are drastically changed as the proposed dispatch 

strategy incorporates the cooling load into its operational procedure. This provides no impact on 

the system performance in the winter period, as predicted, but has considerable differences in the 

summer as marked in the thermal and electric supply lines in Figure 4.3. Accounting for these 
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differences is integral to the modeling of PV-CCHP systems as demonstrated in the electric and 

thermal supply differences of Figures 4 and 5. 

 

Figure 4.3- PV-CCHP Monthly Thermal and Electrical Performance With and Without 

Cooling 

 

Figure 4.4- PV-CCHP Hourly Performance with Cooling Load 
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Figure 4.5- PV-CCHP Hourly Performance without Cooling Load 
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would normally be turned off. While this increases the aggregate output of the CHP unit, the 

overall energy efficiency of the system is increased as mentioned above. 

4.5 Optimization 

The optimization for each geographic location and house type obtained from the CHREM model 

was performed based on the algorithm proposed in 4.1. The obtained weather data obtained from 

the METEO global solar irradiation and temperature database through PVSyst 4.37 and 

representative user energy consumption data from CHREM, provided in .xls format, was 

converted into MATLAB data structures using the MATLAB xlsread function. Similarly, 

specification of the three primary components of the model were tabulated in excel and converted 

into MATLAB data structures using the same methodology. All the data structures were then 

stored in one directory path. The MATLAB optimization toolbox‟s multiobjective genetic 

algorithm function was then programmed to retrieve pertinent data from this directory path. Trial 

runs were conducted to understand convergence behavior, result repeatability, and optimization 

run times.  

The recommended MATLAB generation population size of 105 (15 times the number of 

sizing variables, or 7) was implemented to avoid local wells and provide repeatability of results. 

Each member of the population, generated by one run of the system performance presented in 

Chapter 3, required 5-10 seconds for preparation. Each generation, therefore, would require 

approximately 13 minutes for creation. 

The MATLAB multiobjective genetic algorithm function is continuous. This means that 

the optimization toolbox alters variable values up to two decimal points. The simulation and 

optimization algorithm proposed for the model, on the other hand, is designed to be discrete. In 

particular, technology selection would require discrete values to retrieve performance and cost 

specifications from the databases. Even the other variables, such as the number of PV arrays, 
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could potentially be subject to a non-discrete value, which does not have any true physical 

meaning. While there were „transitional‟ codes to bridge this gap, the behavior of the MATLAB 

optimization toolbox became erratic after finding similar values within two integers. It was found 

that after approximately 20 generations the Pareto distance, or the average distance between 

values on the Pareto front, stabilized. This phenomenon was recorded in trial runs with the 

Kingston, Montreal, and Halifax representative energy consumption profiles and is presented in 

Figure 4.6. The variables, however, did not show any convergence behaviors in between integers 

and can be attributed to the discrete-continuous mismatch between the model and the 

optimization toolbox. Due to the lengthy time required to run the optimization, a stopping criteria 

of 25 generations or a Pareto distance stall of 5 generations was established. An optimization run 

with 25 generations requires approximately 5-6 hours for completion with a 1.6 GHz processor. 

 

Figure 4.6- Pareto Distance of Different Generations 
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cheaper per wattage panels, the configuration of batteries, panels, and cogeneration units was 

much less predictable and produced slightly differing results for each optimization run. The 

nature of multiobjective algorithms (and optimization algorithms in general), however, is rarely to 

offer a concrete solution, but as mentioned prior provide a realistic guideline to optimum design 

that must be ultimately assessed by the user‟s knowledge and intuition prior to implementation.  

Each optimization run provided 37 Pareto values, or 35 percent of the generation 

population, that constituted the Pareto front. Figures 4.7-4.11 provide the Pareto front for the ten 

different load profiles obtained from the CHREM model. Tables 4.5 and 4.6 list the most cost-

effective and lowest emission producing systems, respectively, based on the Pareto values. As 

explained in Chapter 3, the simulation and optimization platform does not reward excess 

electricity. This is particularly important as rewarded excess energy can yield unrealistic systems 

comprising solely of large photovoltaic panels (as large PV arrays would produce provide 

profitable excess electricity). As such, the optimization platform aimed to design systems that 

best matched the load profile without providing excessively large systems. As an alternative to 

tailor to grids with feed-in-tariffs, a tiered reward scheme can be incorporated to allow for 

benefits for small excesses while providing no rewards and potential penalties for excessive 

production. 
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Figure 4.7- Kingston SD and DR Pareto Fronts 

 

 

Figure 4.8- Vancouver SD and DR Pareto Fronts 

-3,585

-3,580

-3,575

-3,570

-3,565

-3,560

-3,555

-3,550

-3,545

-3,540

-3,535

-3,530

20 30 40 50 60 70 80 90 100

A
n

n
u

al
 E

m
is

si
o

n
 B

al
an

ce
 (

kg
 C

O
2

 e
q

)

LCC (1,000 $)

Kingston

DR SD

-540

-530

-520

-510

-500

-490

-480

-470

-460

20 30 40 50 60 70 80 90 100

A
n

n
u

al
 E

m
is

si
o

n
 B

al
an

ce
 (

kg
 C

O
2

 e
q

)

LCC (1,000 $)

Vancouver

DR SD



96 

 

 

 

Figure 4.9- Montreal SD and DR Pareto Fronts 

 
 

Figure 4.10- Edmonton SD and DR Pareto Fronts 
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Figure 4.11- Halifax SD and DR Pareto Fronts
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Table 4.5- Most fit PV-CCHP system configuration based on LCC 

 

Lowest LCC  
  Parallel 

PV Rows 
Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net Annual 
Emissions  
(kg CO2 eq) 

K
in

gs
to

n
 SD 3 6 6 1 2 kWe SOLO 

Stirling 
BP Solar 
BP340J 

Trojan  
T-105 

31,000 -3,577 

DR 2 9 5 1 2 kWe SOLO 
Stirling 

Schott EFG 
310 

Trojan  
T-105 

35,000 -3,535 

V
an

co
u

ve
r SD 5 4 9 1 2 kWe SOLO 

Stirling 
BP Solar 
BP340J 

Trojan  
T-105 

47,000 -480 

DR 2 7 6 1 2 kWe SOLO 
Stirling 

Schott EFG 
310 

Trojan  
T-105 

35,000 -462 

M
o

n
tr

ea
l SD 2 6 9 1 2 kWe SOLO 

Stirling 
BP Solar 
BP340J 

Trojan  
T-105 

26,000 -39 

DR 1 5 7 1 2 kWe SOLO 
Stirling 

Schott EFG 
310 

Trojan  
T-105 

21,000 -50 

Ed
m

o
n

to
n

 

SD 2 4 7 1 2 kWe SOLO 
Stirling 

Schott EFG 
310 

Trojan  
T-105 

31,000 -25,436 

DR 2 7 8 1 2 kWe SOLO 
Stirling 

BP Solar 
BP340J 

Trojan  
T-105 

25,000 -22,516 

H
al

if
ax

 SD 2 9 6 1 2 kWe SOLO 
Stirling 

Schott EFG 
310 

Trojan  
T-105 

28,000 -21,054 

DR 1 1 6 1 2 kWe SOLO 
Stirling 

BP Solar 
BP340J 

Vision 
6FM55D 

18,000 -21,696 
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Table 4.6- Most fit PV-CCHP system configuration based on emission 

 

Lowest Annual Emission 

  Parallel 
PV 
Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net  Annual 
Emissions (g 
CO2 eq) 

K
in

gs
to

n
 SD 3 7 8 1 2 kWe SOLO 

Stirling 
Schott EFG 

310 
Trojan  
L16P 

73,126.54 -3,580,608 

DR 3 8 5 1 2 kWe SOLO 
Stirling 

Schott EFG 
310 

Hoppecke 24 
OPzS 3000 

87,797.20 -3,540,457 

V
an

co
u

ve
r SD 8 8 6 2 2 kWe SOLO 

Stirling 
Schott EFG 

310 
Hoppecke 24 

OPzS 3000 
157,542.81 -527,362 

DR 5 6 6 1 2 kWe SOLO 
Stirling 

Schott EFG 
310 

Hoppecke 24 
OPzS 3000 

85,795.26 -467,871 

M
o

n
tr

ea
l SD 3 7 10 1 2 kWe SOLO 

Stirling 
Schott EFG 

310 
Trojan  
T-105 

37,751.66 -39,306 

DR 5 6 8 1 2 kWe SOLO 
Stirling 

Schott EFG 
310 

Trojan  
L16P 

70,173.63 -50,693 

Ed
m

o
n

to
n

 

SD 5 6 7 2 2 kWe SOLO 
Stirling 

Schott EFG 
310 

Hoppecke 24 
OPzS 3000 

124,741.51 -25,918,433 

DR 5 10 9 2 2 kWe SOLO 
Stirling 

BP Solar 
BP340J 

Trojan  
T-105 

67,278.39 -23,159,790 

H
al

if
ax

 SD 6 6 5 2 2 kWe SOLO 
Stirling 

BP Solar 
BP340J 

Hoppecke 24 
OPzS 3000 

99,423.03 -21,142,234 

DR 3 8 10 2 2 kWe SOLO 
Stirling 

BP Solar 
BP340J 

Trojan  
T-105 

59,927.82 -22,196,459 



100 

 

As can be seen in Figures 4.7-4.11, the Pareto front for each representative profile 

remained at an LCC range of between $20,000 and $50,000 (horizontal axis). The emissions, on 

the other hand, vary significantly based on location and house types (vertical axis). This is 

primarily due to a combination of technology and end-user consumption patterns for different 

representative regions. For Edmonton and Halifax particularly, the Pareto front is widely divided 

resulting from a change in the CHP array configuration. The Pareto front members with 1 CHP 

unit and 2 CHP units have been marked on the respective graphs. A synopsis of these Pareto 

fronts are tabulated in Tables 4.6 and 4.7 based on the lowest LCC and greatest emission 

reductions that define the tips of each Pareto front. For full optimization results, the reader is 

referred to Appendix B. Detailed technical specifications of the different technologies have been 

made available in section 4.3. 

It should be noted here for curious readers that the lack of any patterns for SD and DR 

house types are caused by discrepant occupant consumption patterns and behaviors that vary 

significantly from region to region. Based on the information request specification from CHREM, 

a DR residential building in Vancouver can produce a consumption pattern that would require a 

larger hybrid system capacity than an SD counterpart, while a SD house in Kingston would 

require a larger system capacity for its DR counterpart.  

Based on the results showcased above, there are a number of observations about the 

proposed model. First, the 2 kWe SOLO Stirling engine was selected in all of the optimization 

runs. This is attributed primarily to the significantly lower emission characteristic of this 

technology and secondarily to the capability of the system to match peak loads in comparison 

with its 9 kW sister technology that would provide excessive electrical and thermal loads and 

therefore higher unnecessary operational costs. While the Stirling Engine has higher initial capital 

costs, its reduced reliance on conventional fuels (due to higher efficiencies) offer unbeatable 
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advantages in operational costs, that is trumped by fuel costs, as well as emissions, that is also 

directly linked to the fuel consumption rate. 

Furthermore, the micro-CHP technologies that are commercially available and used for 

the model still provide relatively higher amounts of emission than what is produced on the grid in 

certain Canadian provinces, therefore creating positive emission balances. In provinces where the 

grid emission intensities are highest, the 20 year investment required to reduce 1 equivalent kg of 

CO2 can be as low as 4 cents. In Vancouver, on the other hand, the investment required to reduce 

1 kg of CO2 eq in a near zero emission grid intensity supplied primarily by hydro power can be as 

high as approximately 15 dollars. Similarly, Montreal houses have shown on average to cost 

around 37 to 39 dollars per kilogram equivalent. The minimum, average, and maximum price to 

reduce 1 kg equivalent of CO2 based on the used technologies are listed for each province and 

house type in Table 4.7. 

Table 4.7- Minimum, average, and maximum price to reduce 1 kg of CO2 for different 

locations and house types based on optimization 

 $ per kg CO2 eq  

 Min. Average Max. 
Kingston SD 0.44 0.52 1.02 
Kingston DR 0.49 0.61 1.24 
Vancouver SD 4.84 9.48 14.94 
Vancouver DR 3.86 6.43 9.17 
Montreal SD 33.53 39.79 48.02 
Montreal DR 21.67 37.09 69.21 
Edmonton SD 0.06 0.16 0.24 
Edmonton DR 0.06 0.09 0.15 
Halifax SD 0.07 0.15 0.24 
Halifax DR 0.04 0.08 0.14 

 

Much like the CHP technology, the optimization algorithm selected the Trojan L16P for 

nearly all of the systems with the lowest LCCs. This was attributed to the relatively cheaper price 

per capacity and recycling costs. For the highest emission reductions, batteries with higher 
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capacity and lifetimes were deemed to be more favorable. The PV technologies intermittently 

sparred between the Schott EFG 310 and the BP Solar BP340J panels primarily due to their lower 

price per watt costs. As an interesting observation, the Yingli YL 180 (23) P panel, which had the 

lowest price per wattage, was not selected in any of the fittest systems based on LCC while 

intermittently showing up on the Pareto front. This can be attributed to the compatibility between 

the load and panel voltages that may provide undesirable photovoltaic array capacities. 

A caveat should be mentioned here, as grid emission intensities are only accurate as far as 

electric loads are concerned. In many houses, domestic hot water and space heating is generated 

by emission emitting energy sources such as light fuel oil and natural gas. A more refined version 

of the proposed model can include more detailed fuel type consumption. Fortunately, the 

CHREM model has the capability of calculating emission outputs for representative houses based 

on geographic location and historic fuel consumption data and can be coupled effectively for 

more accurate calculations of emission balances in further development of the proposed 

optimization algorithm. 

On a related note, the Pareto fronts tend to travel relatively wide on the cost axis, while 

travelling much less significantly on the emission balance axis. The cost to reduce additional 

emission seems to be disproportionately high after the initial Pareto front member (the system 

with the lowest LCC). This phenomenon is also reflected in Table 4.7, as there is a 

disproportionate change in value between minimum and maximum LCC and emissions for all of 

the representative load profiles.  In practical terms, the multiobjective genetic algorithm could 

disregard the additional Pareto front values if the costs increase disproportionately to emission 

reductions. 

Finally, as mentioned before the primary technology of choice for the optimization 

algorithm has been the 2 kW Stirling Engines. It should be noted here that the Stirling engine 

technology used in the optimization run above may have undocumented emission characteristics 
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that can potentially diminish their „fitness‟ in the developed algorithm. While the absence of NOx 

emissions may explain and corroborate the algorithm‟s ability to pick out the most appropriate 

technologies for cost and emission reductions, an additional optimization run with only 

commercially available technologies was conducted to provide a more realistic depiction of cost 

and emission reductions. The five internal combustion technologies, however, are commercially 

available and a separate optimization run was performed for the ten different loads based on these 

five technologies alone. The tabulated results for the lowest LCC and highest emission reductions 

are presented in Tables 4.9 and 4.10. The reader is referred to Appendix C for the full 

optimization results. 

Based on results from the new optimization run with commercial CHP technologies, it 

can be immediately observed that the emission reductions are considerably reduced for all 

instances. In the instances for Vancouver and Montreal, there is even a net emission increase in 

less polluting grids such as Vancouver and Montreal.  Similarly, the life cycle costs for all 

instances have increased when compared to the SOLO Stirling engine. Despite the lower per 

initial unit capital costs for the commercial technologies, the reported higher fuel efficiency for 

the Stirling engine provides a more attractive option when placed in the pool of technologies for 

optimization.  The optimization chose the 1 kWe Honda technology for the majority of the lowest 

LCC systems and the 5.5 kWe Senertec technology for Vancouver, Halifax, and Edmonton DR 

loads. The lowest emissions demonstrated a similar pattern for the Honda engine, and chose the 

5.3 kWe Senertec technology for the Vancouver, Halifax, and Edmonton DR loads. This is 

attributed to the relatively large electric and thermal loads of these end-users that cannot be 

satisfied by the smaller Honda engine. The 5.3 kWe Senertec was selected for the lowest 

emissions because of its higher fuel efficiency compared to its 5.5 kWe counterpart. Similar to 

the first optimization run, the selected PV and battery technologies were based on their lowest 

costs and load compatibility as they do not have any direct impact on the emissions. 
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Table 4.8- Lowest LCC price for optimized system with commercial CHP technologies 

Lowest LCC  
    Parallel PV 

Rows 
Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP rows 

CHP Technology PV Technology Battery Technology Costs ($) Net Annual 
Emissions  

(kg CO2 eq) 

K
in

gs
to

n
 

SD 6 6 8 1 1 kWe Honda BP Solar BP380 Trojan L16P 114,000 -1,033 

DR 2 6 8 1 1 kWe Honda Schott EFG 310 Trojan T-105 54,000 -969 

V
an

co
u

ve
r 

SD 3 9 8 1 1 kWe Honda Schott EFG 310 Trojan T-105 72,000 2,086 

DR 4 2 5 1 5.5 kWe Senertec BP Solar BP340J Hoppecke 4 OPzS 200 75,000 5,571 

M
o

n
tr

ea
l SD 2 7 7 1 1 kWe Honda Yingli YL180(23)P Trojan T-105 54,000 1,899 

DR 4 5 7 1 1 kWe Honda BP Solar BP340J Trojan T-105 61,000 2,186 

Ed
m

o
n

to
n

 

SD 2 7 9 1 1 kWe Honda Schott EFG 310 Trojan T-105 58,000 -15,985 

DR 3 8 7 1 5.5 kWe Senertec BP Solar BP340J Trojan T-105 65,000 -17,909 

H
al

if
ax

 

SD 4 8 6 1 1 kWe Honda BP Solar BP340J Trojan T-105 58,000 -13,494 

DR 2 9 7 1 5.5 kWe Senertec BP Solar BP340J Trojan T-105 63,000 -16,859 
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Table 4.9- Greatest emission reduction for optimized system with commercial CHP technologies 

Lowest Emissions 
    Parallel 

PV 
Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP Technology PV Technology Battery Technology Costs ($) Net Annual 
Emissions  

(g CO2 eq) 

K
in

gs
to

n
 SD 

5 6 8 1 
1 kWe Honda 

BP Solar BP380 
Trojan T-105 

66,300 -1,009 

DR 
2 9 9 1 

1 kWe Honda 
Schott EFG 310 

Trojan L16P 
109,000 -1,101 

V
an

co
u

ve
r SD 

5 9 8 1 
1 kWe Honda 

Yingli 
YL180(23)P Trojan L16P 

146,000 1,831 

DR 
5 6 6 1 

5.3 kWe Senertec 
Schott EFG 310 

Hoppecke 24 OPzS 3000 
173,000 4,276 

M
o

n
tr

ea
l SD 

2 6 8 1 
1 kWe Honda 

Yingli 
YL180(23)P Trojan L16P 

86,000 1,890 

DR 8 7 10 1 1 kWe Honda BP Solar BP340J Trojan T-105 71,000 2,119 

Ed
m

o
n

to
n

 

SD 5 4 10 2 1 kWe Honda Schott EFG 310 Hoppecke 24 OPzS 3000 134,000 -21,825 

DR 
3 10 9 1 

5.3 kWe Senertec 

Conergy 
SG170M Trojan T-105 

126,000 -18,059 

H
al

if
ax

 

SD 4 4 8 2 1 kWe Honda BP Solar BP380 Hoppecke 24 OPzS 3000 116,000 -17,586 

DR 3 10 8 1 5.3 kWe Senertec BP Solar BP340J Trojan T-105 116,000 -17,002 
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The results based on the commercialized technologies highlight the previous optimization run by 

demonstrating more favorable emission reductions in provinces with higher grid emission 

intensities. The results, however, should not be equated with a „failure‟ of these technologies in 

provinces such as Quebec and British Columbia. The model does not account for emission 

outputs caused by residential dwelling heating technologies. The uses of furnaces for heating 

applications contribute a significant amount of emissions that is necessarily separate from 

electricity production from the grid. Accounting for emission output caused by heating should be 

incorporated in further development of the optimization model, although section 4.8 provides a 

rough understanding of the impact of heating fuels by using sample and average emissions of 

different centralized power plants. 

4.6 Sensitivity Analyses 

Chapter 3 of the model has incorporated a number of variables and factors that attempt to provide 

quantitative values for various scenarios that will in turn affect the objective functions. These 

variables, therefore, are primarily subject to the discretion of the user and therefore would require 

some understanding of their impact on the modeling results. The following section is dedicated to 

understanding the sensitivity of these variables on the performance and objective values of the 

model. 

4.6.1 PV performance as a result of inclination angle 

Since the majority of photovoltaic technology depends on direct beam sunlight to effectively 

produce energy, the angle of inclination of the panels considerably affect their performance and 

therefore the system‟s output. This particular variable is not subject to „human judgement‟ as 

significantly as the other factors covered in this section. Messenger (2009) has suggested using an 

inclination angle equal to the product of the location‟s latitude and 0.9 for optimal performance 

but has not considered the impact of shading on the performance of rowed arrays. Regardless, the 
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modeling of the PV performance is subject to the inclination as explained in Chapter 3. The 

performance is different for every region, as there is unique solar radiation reaching the earth 

surface that is dependent on the latitude, humidity, albedo, and extent of clouds. Figure 4.12 

presents the simulated annual output of a 1.1 kW array using six Sharp NT 185U1 panels at an 

azimuth angle of zero degrees located in Kingston, ON.  

 

Figure 4.12- Simulated Performance of Sharp NT 185U1 Panels as a Function of Inclination 

Angle in Kingston, ON 

A differential of 10 degrees from the optimal inclination angle (angle producing maximum 

power) resulted in the loss of approximately 1.5-3% in array output while maximum differentials 

have resulted in ~13% losses for zero inclination and close to 40% for inclinations of 90 degrees. 

Considering that the share of produced energy in PV-CCHP systems has shown to be less than 

half for PV, the impact of inclination angles on the final optimization run can be contained quite 

easily so long as the panel inclination angles are maintained at differentials of less than 10 

degrees from the optimum angle. The user is recommended to establish the optimum angle of the 

given location based on historical and simulated performances of photovoltaic technologies in the 

region. As a possibility subject to further study, loads with no cooling requirements can 
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incorporate lower inclination angles for improved electrical performance during the day for 

summer periods and poorer PV performance in the winter period. The lower PV performance in 

winter periods can potentially allow for more effective electrical and thermal energy utilization 

produced by the CHP component. 

4.6.2 CHP Fuel Correction Factor (FCF) 

As explained in Chapter 3, the CHP fuel correction factor is designed to account for CHP energy 

consumption, and therefore emissions and costs, during start up and shut down times. Since there 

is no concrete guideline on the impact of this factor on the objective functions of the model, a 

sensitivity analysis was performed on each of the 10 datasets obtained from the CHREM model. 

The fuel correction factor was varied from a value of 1 to 2 at intervals of 0.05 for the same 

system technologies and price variables. The values of the respective objective functions 

(emissions and life cycle costs) were plotted and as predicted demonstrated a linear positive 

proportional relationship as the fuel correction factor was increased. These results, as 

demonstrated in Figure 4.13, have shown to have had varying sensitivity to the fuel correction 

factor.  
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Figure 4.13- Fuel Correction Factor Sensitivity Analysis 

One of the primary causes leading to increased sensitivity can be attributed to the number of 

engine startups during the simulation.  In order to demonstrate this phenomenon, the value of the 

number of startups in a simulation was tabulated alongside the Pythoregean distance of the 

corresponding sensitivity line in Figure 4.13. The relative sensitivity of the different objectives 

(comparing FCF=2 relative to FCF=1) are also presented in Table 4.11 and Figure 4.13. In 

general, there seems to be a positive correlation between the number of startups and the different 

sensitivity indicators. This is not directly linear, however, and can be attributed to the 

incompatibility between startup engine partial load variable values. For example, in a particular 

case study the CHP unit was not operating at hour i and was operating at 100% for hour i+1. In 

another case study, the CHP unit could be producing 75% or 50% capacity at hour i+1, therefore 

affecting the sensitivity of the objective functions to the FCF. 
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Furthermore, the emissions objective has shown to be consistently more sensitive when 

compared to the LCC objective. This is attributed to the relative dominance of the CHP unit in 

controlling the emissions outcome of the system. The LCC objective, however, is subject to many 

additional variables and components, including the PV and batteries that in turn dampen the 

impact of the FCF. If the PV or batteries can potentially constitute 50% of the capital and 

operational costs of the systems, they have no direct impact on the emissions of the system. 

Table 4.10- Fuel Correction Factor Sensitivity Analysis Values 

 

Number of 
Startups 

Fuel Correction 
Factor Sensitivity 

Pythagorean 
Distance 

LCC Relative 
Sensitivity %(FCF=2 
relative to FCF=1) 

Emissions Relative 
Sensitivity % (FCF=2 

relative to FCF=1) 

Vancouver SD 173 41910.68 1.15 1.36 

Kingston DR 541 85924.13 2.76 3.28 

Edmonton SD 587 113035.78 3.44 4.07 

Vancouver DR 597 116377.33 3.63 4.25 

Edmonton SD 693 121910.94 3.76 4.51 

Kingston SD 738 107988.44 3.47 4.27 

Montreal DR 877 112728.79 3.28 4.35 

Halifax DR 904 106203.81 2.89 4.13 

Edmonton DR 1057 125814.41 3.51 5.11 

Montreal SD 1150 126914.08 4.34 5.53 
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Figure 4.14-  FCF Sensitivity to Number of CHP Startups 

4.6.3 Installation and Balance of System Costs 

As mentioned before, the capital cost required to install systems varies significantly not only 

geographically and between economic frameworks, but also temporally. Most technologies 

including the PV, CHP, and battery components of the system are subject to price depreciations 

as economies of scale and increased technical competence offer larger demand and lower market 

values. Considering that PV-CCHP systems are considered to be emerging energy technologies 

with projected price decreases, it is important that the impact of capital costs are considered for 

the LCC objective. 

This sensitivity analysis was conducted by reducing the installation and balance of 

system costs for each technology by 50 percent. The fittest systems (lowest LCC) obtained for 

each of the 10 representative profiles were used as samples for the sensitivity analysis. Based on 

Figure 4.14, it seems that 50% reduction in installation and BOS costs, while not insignificant, do 

not have a dominating sway on the 20 year LCC of the systems. The CHP and battery units hold 

the most amount of sway in altering the system LCC, while the PV BOS and installation costs do 

not have as much of a significant impact. 
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Figure 4.15- Installation and BOS Price Sensitivity for Commercial and Quasi-Commercial 

Technologies 

 

Figure 4.16- Installation and BOS Price Sensitivity for Commercial and Commercial 

Technologies 

A similar sensitivity analysis was conducted with the second optimization run and 

graphed in Figure 4.15. Comparing these results with those presented in Figure 4.14 reveals a 

predicted higher per unit cost for the different systems, as well as a reduced sensitivity to the 
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initial capital cost. This is primarily attributed to the lower fuel consumption efficiency of the 

commercially available technologies that would in turn further dominate the 20 year life cycle 

costs of the different systems. 

Observing Figures 4.15 and 4.16 reveals that the systems are in general relatively more 

sensitive to the CHP unit costs for the optimization runs with the quasi commercial technologies, 

while they are relatively less sensitive to the CHP units with the commercial technologies. This 

indicates a larger reliance on the PV and battery components with present commercial CHP 

technologies. 

4.6.4 Interest Rate 

In the proposed model, the interest (or discount) rates can have potential sway on the 20 year 

LCC. The sensitivity of the LCC with respect to the interest rates were varied for values 1, 3, and 

10% to understand the impact of this factor on the particular phenomenon. The sensitivity of life 

cycle cost per watt of system size was graphed for each optimized system with commercial 

technologies.  
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Figure 4.17- Sensitivity Analysis for Interest Rates 

From the sensitivity results illustrated in Figue 4.17, Vancouver SD was shown to be the 

most sensitive, Edmonton DR the least sensitive, and Halifax DR negatively sensitive the interest 

rate relative to other load profiles to. In order to determine the impact of the interest rate on the 

optimization results, an additional optimization run was conducted for the three different load 

profiles. The new optimized systems (Table 4.11) reveal that the Calgary DR and Halifax DR 

profiles are not subject to significant change in technology selection. The Vancouver SD profile, 

however, seems to have shifted from the 1 kWe Honda technology that had a relatively higher 

initial capital cost but superior fuel efficiency rating to the 5.5 kWe Senertec with a larger 

capacity. The sensitivity of the Vancouver SD to the interest rates can be attributed to a 

combination of high power requirements (that in turn drives fuel costs) and high failure rates (that 

in turn drives up penalties) and has caused the platform to produce considerably different results 

with a higher interest, or discount, rate. From a policy perspective, it can be inferred that the 

impact of interest rates is quite considerable on facilitating or impeding emission reductions when 

using PV-CCHP systems. 
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Table 4.11- Optimized systems with 20% interest rate 

  

Parallel 
PV 
Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net 
Emissions  

  

(g CO2 eq) 

Lo
w

e
st

 L
C

C
 

Edmonton 
DR 3 8 8 1 

5.5 kWe 
Senertec 

BP Solar 
BP340J Trojan T-105 48,184 

-
18,042,259 

Vancouver 
SD 5 1 4 1 

5.5 kWe 
Senertec 

BP Solar 
BP340J Trojan T-105 50,271 6,093,391 

Halifax DR 3 5 8 1 
5.5 kWe 
Senertec 

BP Solar 
BP340J Trojan T-105 40,190 

-
16,837,139 

Lo
w

e
st

 E
m

is
si

o
n

 Edmonton 
DR 5 8 8 1 

5.3 kWe 
Senertec 

BP Solar 
BP340J Trojan T-105 45,916 

-
18,030,108 

Vancouver 
SD 8 8 6 1 

5.3 kWe 
Senertec 

Schott EFG 
310 

Hoppecke 
24 OPzS 

3000 167,317 4,802,905 

Halifax DR 5 9 8 1 
5.3 kWe 
Senertec 

BP Solar 
BP340J Trojan T-105 74,698 

-
17,002,469 

 

4.6.5 Penalties and Benefits 

While the penalties and benefits are very unique to each system and user, the two variables that 

have been identified as providing the biggest impact on the final function are the unit costs and 

the weight functions. The weight functions are particularly important as they are an arbitrary tool 

for the user to make judgment on how important failure of the system at a given hour is.  

For the unit cost sensitivity, the original optimized systems (with both commercial and 

quasi-commercial technologies) were subject to a sensitivity analysis ranging from 7 cents to 20 

cents per kWh for both thermal and electric load. The results are graphed in Figures 4.18 and 

4.19. There seems to be no direct correlation between the number of failed hours and the 

sensitivity of the penalty and benefit function, which indicates a significant reliance of the penalty 

and benefit value on the amount of supplied load. Furthermore, the penalty and benefit function 
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was found to be generally more sensitive to the thermal unit cost than the electric unit cost, 

naturally a result of the larger thermal energy consumption of residential end-users. 

 

Figure 4.18- Sensitivity of Penalty and Benefit Function to Electric Unit Cost 

 

Figure 4.19- Sensitivity of Penalty and Benefit Function to Thermal Unit Cost 

For the weights sensitivity analysis, a theoretical system comprising of a 3 kWe and 4 

kWth CHP unit, 3 kW of panel installations, and a battery bank of 1000 amp-hours was simulated 
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for each of the SD loads of the five representative regions used in the analysis. Each weight 

variable was alternated between a value of 0,1, and 5 and their electric and thermal failure rates as 

well as penalty and benefit function values. Figure 4.20 presents the failure rates in MWh for 

each of the electric and thermal loads as bars while presenting the penalty in benefit function 

values in 100s of dollars as lines. The black line represents the penalty and benefit value for all 

weight functions at a value of one. Each load category (ie. electric, SH, SC, DHW) was assigned 

the same color while each weight value was assigned a different line pattern (dashed for weights 

equaling to zero and dotted for weights equaling five). Generally, weight values of zero are 

placed above the black line while weight values of five are placed below the black line for the 

different representative load profiles. The yellow lines, which represent the DHW load profile, 

are the closest to the black line, indicating a small failure rate for this energy category. The red 

lines, representing the SC weights, are shown to have an impact on the Vancouver profile only, 

indicating a high failure rate in the summer periods. All other loads are not affected by the SC 

weight changes. Similarly, the green and blue lines representing the SH and electric loads 

respectively are proportionally sensitive to the amount of failure for each of the load categories. 

This indicates that the failure rate of respective loads has a drastic impact on the fitness of the 

particular system. Therefore, systems with even relatively small failure rates but high sensitivity 

can quickly be penalized heavily in the fitness function. This phenomenon is vividly illustrated in 

the SC weight for Vancouver. In short, if a particular load is important for the user, increasing the 

weight to a value of 5 or above will reduce the viability of a particular configuration to be 

selected by the algorithm. 



118 

 

 

Figure 4.20- Sensitivity of Penalty and Benefit Function to Weights 

4.6.6 Emissions 

The emission balance of the systems, as encapsulated in the second objective function of the 

proposed model, is subject to two primary CHP characteristics, the CO2 and NOx emissions. 

Particularly for current commercialized technologies, the prospect of reducing emissions (by 

more efficient fuel combustion or possibly stronger emission filtration systems) is critical in 

ensuring their „fitness‟ based on the proposed model. In order to assess the impact of annual 

emission outputs, a system comprising of one 1 kWe Honda system, an array of 6x6 batteries 

(Trojan T-105), and an array of 3 strings of Schott EFG 310 was simulated based on the 

representative profile of a single detached (SD) dwelling in Kingston, Ontario. Each primary 

GHG gas produced by the CHP unit was varied by up to 50% of current values to better 

understand its impact on the CO2 equivalent output. The results are graphed in Figure 4.21. 

 A 50% reduction in nitrogen oxide emissions from the CHP unit for this particular study 

resulted in a 140% improvement in the carbon dioxide equivalent emissions from the overall 

system. This means that if the system currently has a net emission reduction of approximately 100 
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kg of carbon dioxide equivalent, a 50% reduction in nitrogen oxide emissions for the 5.5 kWe 

Senertec system will result in a positive emission balance of roughly 240 equivalent kg of carbon 

dioxide in a given year. Similarly a 50% reduction in the carbon dioxide emissions of the CHP 

unit will result in approximately 115% reduction in the overall carbon dioxide equivalent 

emission balance.  

The primary concern arising from this sensitivity analysis is the need to enhance emission 

performances for smaller residential scale power production technologies. The current technical 

and legal criteria for these systems can be significantly enhanced to provide higher emission 

reductions through the implementation of these systems. 

 

Figure 4.21- Sensitivity of Emission Balance to CHP Emission Intensity 

 

4.7 Energy Utilization Factor 

As stated in chapter 1, one of the objectives of the proposed model is to promote the more 

efficient use of conventional sources of energy. Chapter 3 has presented a number of indicators 
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for the performance of these systems. According to Pearce (2009), ideal PV-CHP systems can 

utilize up to 85% of fuel energy used by the CHP. In order to determine results obtained from the 

model with this value, the theoretical and simulated energy utilization factor for each 

representative load profile has been tabulated in Table 4.12. The actual energy utilization factor 

here is defined as the inverse of the performance index of the overall system (eq. 63a), or the ratio 

of the thermal and electrical load requirements to actual produced energy. For the three 

representative load profiles that had space cooling requirements, incorporating space cooling 

requirements into the system simulation increased the actual energy utilization factor by a 

differential of 0.15, or 22%, when compared to its CHP counterpart.  Kingston SD and DR actual 

energy utilization improved by approximately 0.03 or 5%. It is clear based on the demonstrated 

results that PV-CCHP systems are a more efficient means of consuming conventional sources of 

energy than earlier generations of hybrid systems. 
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Table 4.12- Theoretical and simulated energy utilization factors for hybrid CHP and CCHP 

systems 

 CHP Theoretical 
Energy Utilization 

Factor 

CHP Actual Energy 
Utilization Factor (Inverse of 
Overall System Performance 

Index) 

CCHP Actual Energy 
Utilization Factor (Inverse 

of Overall System 
Performance Index) 

Kingston SD 0.85 0.58 0.60 

Kingston DR 0.85 0.64 0.67 

Vancouver SD 0.85 0.68 0.83 

Vancouver DR 0.88 0.23 0.23 

Montreal SD 0.85 0.58 0.58 

Montreal DR 0.85 0.76 0.76 

Edmonton SD 0.85 0.78 0.78 

Edmonton DR 0.88 0.31 0.31 

Halifax SD 0.85 0.75 0.75 

Halifax DR 0.88 0.34 0.34 
 

      

The PV-CCHP systems also demonstrated superior performance in other indicators. In 

particular, the load-supply match index of the overall system (eq. 65a) that represents the timely 

production of energy to meet demand (lower values indicate better matches) as well as the 

normalized power supply index (eq. 64a) have shown enhanced performances with CCHP 

technologies. According to table 4.13, the hybrid CCHP systems show consistently higher 

normalized power indices. This essentially means that the PV-CCHP systems provide a higher 

amount of energy per unit power than PV-CHP systems. Furthermore, the CCHP systems have 

lower load-supply match indices, further demonstrating improved performance due to more 

effective utilization of produced electric and thermal energy. 
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Table 4.13- Select performance indicators comparing hybrid CHP and CCHP systems 

 CCHP Normalized 
Power Index for 
Overall System 

(kWh/kW) 

CHP Normalized 
Power Index for 
Overall System 

(kWh/kW) 

CCHP Load-
Supply 

Match Index 

CHP Load-
Supply Match 

Index 

Kingston SD 302.07 289.05 1.65 1.79 

Kingston DR 446.97 419.96 1.56 1.74 

Vancouver SD 386.65 351.50 1.42 1.81 

 

 It is worth noting that these systems significantly aid the first strategy of promoting the 

utilization of renewable sources of energy. Current grid penetration levels of stand-alone PV 

systems are expected to be at roughly 5% (Pearce, 2009). This number, however, is expected to 

increase to as high as 25% with the implementation of PV-CCHP systems as a practical upper 

limit (Pearce, 2009). The average electric supply ratio of the three primary components for all of 

the 10 optimized systems with commercial technologies is presented in Figure 4.22. The graph 

represents the portion of produced electricity from each component in the system. Any excess 

electricity produced by the CHP or PV arrays that cannot be stored in the battery bank would be 

sold back to the grid. This would mean that any difference between the electric consumption of 

the different end-users and the electricity produced by the PV, CHP and energy stored in the 

batteries is supplied by the grid. Assuming that an entire region is connected to these systems, 

each component (PV, CHP, and centralized grid) would then constitute a portion of the grid, also 

referred to as the grid penetration limit. Based on the calculated results, the PV grid penetration 

limit for the 10 different houses, therefore, is considered to be approximately 24%, well within 

Pearce‟s practical upper limit penetration limit for such hybrid systems. 
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Figure 4.22-Average electricity supply percentage of different components 

 

4.8 Relative Impact on GHG Emissions 

This analysis has aimed to promote PV-CCHP systems as a viable means to reduce GHG 

emissions in the residential sector. As such, it is important to compare the GHG performance of 

these systems with both conventional sources of energy and earlier generations of hybrid energy 

systems. Figure 4.23 is an illustration of the emission intensity for the four different commercial 

residential scale cogeneration technologies and centralized power generation facilities. It is 

important to note that the centralized power generation facility do  not provide thermal energy 

required for SH and DHW loads. Average central power plant emission intensities were obtained 

from average plant efficiencies for the each technologies, energy content, and rated emission 

intensities per unit volume or weight (Swan, 2010). The average emission intensities were 

calculated from weight emission outputs and energy content for common electric and residential 

thermal fuel sources used in Canada that was obtained from the Environment Canada (2007). 
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Table 4.14- Average Canadian electricity generation emission intensity (Environment 

Canada, 2007) 

Electricity Generation Fuel CO2e 
(g) 

Energy 
Content 
(kWhth) 

Average Plant 
Efficiency (%) 

CO2e(g/kWhe) 

Natural Gas (m3) 1918 10.3 34.80% 536 

Heavy Fuel Oil (L) 3100 10.7 34.60% 838 

Bitunimous Coal (kg) 2254 7.7 31.60% 927 

 

Table 4.15- Average Canadian residential thermal generation emission intensity 

(Environment Canada, 2007) 

Residential Thermal Generation Fuel CO2e 
(g) 

Energy Content 
(kWhth) 

CO2e(g/kWhth) 

Natural Gas (m3) 1902 10.3 185 

Light Fuel Oil (L) 2830 10.7 264 

 

Sample centralized power plants were also analyzed to demonstrate the poor emission intensities 

of current technologies pertaining to energy production (Chungsangunsit et al., 2010).  

In Canada, natural gas and light fuel oil are considered to be the two primary sources of 

heat energy for residential users and were considered as possible energy consuming scenarios that 

would in turn affect the net GHG emissions. This is particularly important as fuel used by 

centralized power plants are solely used for electricity and fuel used by residential heating 

technologies is used for heating applications. Therefore, there is no overlapping energy use and 

therefore emission output between these two modes of production. Figure 4.24 represents the 

emission intensity of the optimized commercial technologies for the different representative load 

profiles by calculating the ratio of the net GHG emission output of the different systems to the 

sum of the electric and thermal loads. In order to determine the emission intensity of PV-CHP 

systems, the SC load was not included.  
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Figure 4.23- Emission intensity of Residential Scale CHPs and Centralized Power Plants w/ 

on-site fuel use
13

 

 

Figure 4.24- Emission intensity of optimized PV-CHP and PV-CCHP systems 

                                                      

13
 Environment Canada (2007) was used for ave. emissions and Chungsangunsit et al. (2010) was used 

for sample plants 
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Figure 4.25- Emission output comparisons of conventional sources of energy and optimized 

PV-CCHP Systems w/ accounting for thermal heat generation emissions 

Figure 4.25 expands upon Figures 4.23 and 4.24 by demonstrating the superior annual 

aggregate emission performance of the different optimized systems compared to conventional 

sources of energy. In all instances excluding Vancouver DR, the emission outputs are drastically 

increased when accounting for emissions produced by both electricity production and thermal 

generation. In all instances, the optimized systems (both PV-CHP and PV-CCHP in Figure 4.24) 

have shown to have drastically improved GHG emissions in comparison to their non-hybrid 

cogeneration counterparts as well as centralized power plant technologies. In profiles that 

required space cooling, there has been a modest improvement in the GHG emission intensity of 

hybrid trigeneration systems as opposed to the cogeneration type. The lack of improvements in 

emission intensity for CCHP systems when compared to CHP systems in the majority of the 

profiles is attributed to the absence of space cooling requirements of the particular profiles. The 

Kingston SD, DR, Vancouver SD case studies demonstrate an improved emission intensity 
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profile with the addition of absorption chiller cooling equipment. The majority of the load 

profiles have shown a superior performance when compared to centralized natural gas power 

plants. It should be noted that despite the higher emission intensity of single CHP systems, the 

inclusion of photovoltaic technology has significantly contributed to the reduction of GHG 

emissions for residential applications. 

The results demonstrated in Figures 4.23 and 4.24 clearly illustrate the advantages of 

implementing PV-CCHP technologies as a means in reducing emission intensities with different 

Canadian regions by transitioning away from centralized power plant systems, particularly coal. 

The average PV-CCHP system has shown to reduce emission intensities by as much as 90% 

when compared to centralized coal power plants and 50% for an average Canadian natural gas 

power plant. The benefits of combining heat and power for emission reductions cannot be more 

vividly demonstrated. 

4.9 Performance Comparison with HOMER 

Due to time constraints, the simulation model results were not compared with a real physical PV-

CCHP system and should be pursued in any future stages of continuing this research. For the 

purposes of validating the model behavior, however, the simulation results for Kingston SD were 

compared with results obtained from HOMER, a publicly available and widely tested software 

developed by the National Renewable Energy Laboratory in the United States. Because there are 

a number of noticeable differences between the model developed by HOMER, it would be 

impossible to simulate exactly similar results. In particular, HOMER does not account for thermal 

outputs by CHP units, but rather has an option that allows for excess electricity to be diverted to 

heating applications. This model may be useful for consumers with electric heating appliances, 

but is not an effective comparison with the developed model that attempts to match both thermal 

and electric requirements using the CHP prime mover. Furthermore, HOMER has a thermal load 
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following strategy that is supplemented by an independent furnace absent in the proposed PV-

CCHP model. Also, HOMER assumes that all thermal requirements are heating applications and 

is therefore not capable of accounting for space cooling applications, which is an integral portion 

of the proposed model. Most importantly, HOMER does not select between a database of 

technologies, but rather between a set of pre-determined configurations and selected technologies. 

This is an important difference as the proposed model can search through a broad range and 

configuration of technologies before reaching a set of optimum solutions. 

Nevertheless, there are a few comparisons that can be made to assess the validity of the 

proposed model. The least expensive optimized system for Kingston SD was selected and 

simulated through HOMER. First, the served electrical needs for the end-user were nearly 

identical. Figure 4.26 illustrates the served end-user electrical load requirements for the first 100 

hours of the year. The annual served electrical energy for the proposed model is equal to roughly 

7,446 kWh compared to 7,368 for kWh for the HOMER simulation, or a difference of ~1%. This 

difference is attributed to constraint and penalty mechanisms in HOMER that allow the system to 

produce unmet load during the year. This means that the CHP prime mover will not necessarily 

turn on to match electrical requirements at all times. While the purpose of the constraint and 

penalty mechanism for HOMER is similar to the proposed model (minimize reliance on the 

grid/promote system autonomy), they operate differently and therefore produce slightly different 

simulation results. 
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Figure 4.26- Served electrical requirements for lowest LCC Kingston SD system simulated 

by proposed model and HOMER 

Second, the served thermal requirements were found to be mostly similar. Once again, the boiler 

furnace in HOMER requires a completely different dispatch strategy than the proposed PV-CCHP 

system. HOMER essentially utilizes a thermal load-following strategy that attempts to match the 

boiler output to the thermal requirements at hour i. Needless to say, the proposed model and 

HOMER behave identically so long as the thermal requirements does not exceed the CHP 

system‟s capabilities, which in the case of Kingston SD is 3 kWth. As demonstrated in Figure 

4.27, the simulation of the proposed model plateaus at a maximum of 3 kW of served thermal 

requirements, while HOMER attempts to match the without regarding for any maximum output 

capacity (HOMER treats a boiler furnace as a single point efficiency element with unlimited 

output). The annual thermal output based on the proposed model is equal to roughly 11,531 kWh 

compared to 13,167 kWh using HOMER. As expected, this 12% difference is attributed to the 

thermal peak capacity of the CHP technology. 
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Figure 4.27- Served thermal requirements for lowest LCC Kingston SD system simulated 

by proposed model and HOMER 

Third, the produced excess electricity outputs were found to be vastly different. This is attributed 

to a number of reasons, most notably the interconnectivity of thermal and electrical output and the 

lack of a separate boiler furnace in the proposed model. Alternatively, a thermal energy storage 

tank can prove to harness excess thermal heat produced by the CHP unit when the system and 

reduce the need to operate the CHP array at times when there is little or no electrical end-use 

requirements. This demonstrates a particular weakness of the model as it will undoubtedly 

increase emission outputs from the PV-CCHP systems when thermal energy storage methods can 

be used as a viable substitute. Figure 4.28 demonstrates significantly different excess electrical 

outputs for the first 100 hours of the year. The annual excess electric requirements were found to 

be 3,993 kWh based on HOMER‟s simulation while roughly 12,000 kWh based on the proposed 

model. While this speaks to the system‟s strong improvement energy utilization despite 

producing significantly higher excess electricity, this should be tackled if the model is to further 
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enhance its objective of enhancing fossil fuel efficiency utilization. In addition to investigating 

the impact of thermal energy storage tanks, a tiered penalty mechanism for excessive production 

may prove to improve this dilemma. 

 

Figure 4.28- Excess electrical outputs for lowest LCC Kingston SD system simulated by 

proposed model and HOMER 

In short, the proposed model demonstrates predictable and comparable simulation results with 

established hybrid system models. Comparisons were not identical, however, as the different 

dispatch strategy, system components, and constraint mechanisms are naturally expected to 

produce slightly differing results. 
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Chapter 5 

Synopsis 

The following chapter is dedicated to capturing key observations and results produced in the last 

four chapters. First, a summary of the completed work is provided alongside a synopsis of 

derived conclusion. Subsequently, recommendations on how to expand, improve, and release the 

platform developed in the model into the public domain is provided. 

5.1 Summary 

In order to aid the two identified strategies to reduce GHG emissions in chapter 1, the objective 

aims to promote hybrid photovoltaic and combined cooling, heating and power systems as an 

effective tool. Photovoltaic technology, while harnessing a renewable energy technology with a 

significantly less emission output than conventional energy sources, is an intermittent power 

supply that cannot provide sufficient stability for residential users without some form of storage 

or back-up power. Furthermore, PV only provides electrical energy directly and not thermal 

energy, which constitutes a majority of residential energy consumption. As such, hybrid PV-

CCHP systems addresses the shortcomings of solar energy‟s intermittency and PV‟s lack of 

thermal output by providing auxiliary and base load electric and thermal power supplies. 

Furthermore, this system as a whole is considered to aid the second strategy by reducing the 

electrical output and therefore emissions of the CHP system by offsetting the electric load with 

electricity produced by PV and stored by batteries. In order to address the lack of effective 

thermal utilization in warmer periods of the year through conventional CHP systems, additional 

cooling equipment was also added here to provide a more efficient use of fossil fuels by the CHP 

unit. Specifically, the model aimed to determine the viability of these technologies by providing a 
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platform for the simulation and optimization of hybrid PV-CCHP emissions for the residential 

sector in Canada with the double aim of reducing both emissions and costs. 

A literature review was conducted in Chapter 2 to understand similar hybrid systems and 

explore simulation and optimization models that were previously created for such systems. No 

optimization/simulation algorithm was found specifically for PV-CCHP systems and further to 

that, no optimization algorithm treated emissions as a fundamental objective for optimization. 

There were a number of strategies discovered for the optimization of similar hybrid systems, but 

multiobjective genetic algorithms were determined to be the most useful and applicable for the 

objectives. The remainder of Chapter 2 provided the overall description and different components 

of the proposed system, which was simulated and optimized. 

Chapter 3 laid out a description of multiobjective genetic algorithms as well as a 

theoretical foundation of the system‟s performance, life cycle cost, and emissions simulations. 

These simulations were derived from literature aiming to model different components of the 

hybrid PV-CCHP system. This simulation was used as an integral component of the broader 

optimization routine that coupled a preliminary database of performance and cost characteristics 

of different PV, CHP, and battery technologies as well as representative load profiles of different 

Canadian cities. The described model had a total of seven sizing variables that described the 

system. 

In order to provide sample results from the optimization and simulation routine of the 

proposed model, the Canadian Hybrid End-Use Energy and Emission Output model developed by 

Dr. Lukas Swan of Dalhousie University was utilized. This model differs from other energy 

modeling approaches by combining both bottom-up and top-down approaches to represent the 

Canadian residential sector. An outline of the optimization routine was presented and described in 

Chapter 4, followed by sample simulation and optimization results. The simulation and 

optimization were coded and run in Matlab R2008.  



134 

 

It was found that accounting for cooling not only impacts the dynamics and performance 

of the system, but also provides a more efficient utilization of energy produced by the system. 

The initial optimization routine with commercial and quasi-commercial technologies was found 

to favor CHP systems with the least emission output but relatively higher costs. However, due to 

an acknowledgement of the possibility of missing data for quasi-commercial technologies, 

particularly in relation to emission data, an additional optimization run only with commercial 

technologies was conducted. This new run revealed that the algorithm favored results that 

reflected a balance between favoring proper capacity to load sizing, cost reduction, and emission 

reduction. 

The remainder of Chapter 4 was dedicated to understanding the impact of different 

variables on the outcome of the system performance. In particular, arbitrary factors that required 

the judgment of the user such as the fuel correction factor and penalties and benefit weights as 

well as factors that could change significantly with location, time, and technology were selected 

and explored. 

5.2 Conclusions 

In short, the objectives identified in Chapter 1 were met. The model accomplished in developing 

and describing a platform for the simulation and optimization of PV-CCHP systems for 

residential applications in Canada. 

There are four conclusions that have been derived based on the results obtained from the 

developed algorithm. First, accounting for space cooling for residential applications considerably 

improves the CHP unit‟s performance. Particularly, it was found that the energy utilization factor, 

or the percentage of fuel consumed by the CHP unit, reached as high as 83% in an optimized 

system for a representative Vancouver SD load profile compared to 85% for an ideal case and 

68% when not accounting for cooling. Furthermore, the thermal load-supply match index 
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improved by 55% (from 3.9 to 1.75) and the overall system load-supply match index improved by 

30% (from 2.4 to 1.7). 

 Second, the implementation of PV-CCHP systems is expected to increase the grid 

penetration of photovoltaic technology to as much as 24%. This is particularly important as the 

current status quo is expected to allow for a 5% penetration limit due to solar energy‟s high 

intermittency. Relying on a conventionally fueled base load power supply can significantly 

enhance the viability of photovoltaic technology that will in turn reduce the load requirements on 

fossil-fuel based energy production. 

Third, PV-CCHP proves to be far more effective at reduced emissions as a result of its 

effective energy utilization for both thermal and electric loads. Comparisons with centralized 

power plants, residential heating equipment, and smaller electric generators reveal consistently 

lower emission rates that can have significant positive impacts on the GHG emission balance of 

the Canadian residential sector. Combining heat and power, and further to that, cooling is a potent 

tool in reducing emission outputs from existing technologies. 

While the implementation of these technologies may have the most vivid and immediate 

benefits in emission-intensive grids such as Alberta and Nova Scotia, it has also been concluded 

that hydro-intensive grids such as British Columbia and Montreal can benefit from these PV-

CCHP technologies as well. In particular, emission outputs from residential heating applications 

can prove to shed light on the economic and technical advantages of PV-CCHP systems. This 

topic, however, should be subject to further investigation and research. 

5.3 Recommendations and Future Work 

In devising and conducting the research, there have naturally been observations made about PV-

CCHP systems and the particular challenges and promises that they bring for implementation. 

Furthermore, these observations have led to a number of recommendations that are both related to 
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these technologies in general as well as the devised platform. These observations and 

recommendations are outlined below in bulleted format. 

 PV-CCHP systems that are completely independent from the grid may be harder to size 

and implement due to peak loads that will overload such systems. While off-grid 

locations may be better off over-sizing the system, users with access to transmission 

infrastructure should account for integration with the grid. As an example, a single 10 kW 

peak load of 10 seconds every day, but an average load of 2-4 kW would require a 

generator of 10 kW to prevent system damage and blackouts if the system was to be 

100% independent. This will lead to significantly increased capital and maintenance costs 

as well as reducing the efficient use of produced energy. Relying on the grid for 

unexpected peaks may very well allow the system to cope with unexpected increases 

while at the same time reducing load requirements from the grid system and generating 

net emission reductions. This was particularly essential in the devised model, as excess 

energy productions both increased the LCC and the emission outputs of the given 

systems.  

 PV-CCHP implementation makes the most sense in grids that produce the highest 

amounts of emission. As presented in Chapter 4, the average cost to reduce of 1 kg of 

equivalent CO2 in hydro-intensive Montreal is higher by more than a factor of 100 in 

coal-intensive Alberta. Implementations of these technologies are not recommended in 

emission-friendly grids. However, PV-CCHP systems should be encouraged in emission-

intensive grids to reduce emissions by federal or provincial subsidies, possibly through a 

one-time payment for system implementation or a feed-in-tariff scheme similar to that of 

Germany and Ontario‟s Green Energy Act. 

 The platform should expand to include more detailed operational and life cycle cost 

impacts on the single-point component systems. Furthermore, an expanded edition can 
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account for including/excluding cogeneration/trigeneration capabilities for a particular 

load profile. 

 The large-scale physical implementation of these technologies should be investigated by 

planners and legal experts as issues relating to emissions, physical appearance, fuel 

distribution, technology availability, maintenance services, and grid impact are not 

covered by the model. 

 The platform should be expanded to communal energy systems for the residential sector. 

This may prove to provide increased benefits as the current state of technology for CHP 

systems not only requires higher costs per kW for household size systems, but also emit 

greater emissions per unit energy when compared to larger systems. Communal systems 

that would require larger PV, CHP, and battery installations may prove to have improved 

performance and load-supply match indices.  

 The proposed model should in the future be tested and compared with live data obtained 

from real PV-CHP and PV-CCHP systems. This may reveal some unforeseen 

modifications to the simulation and optimization platform‟s approach to these systems. 

 The model assumptions leading to emission calculations should be further refined to 

include specific fuel type consumption for individual house thermal needs. This would 

provide a more realistic depiction of emission reductions as most thermal generating fuels 

such as wood and fuel oil provide considerable amounts of GHG emissions compared to 

grid emission intensities. 

 With additional researchers and research money, the platform should be expanded so as 

to be tailored to the commercial/institutional and industrial sectors. These sectors already 

utilize CHP systems and improvement of the performance of existing ones while 
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promoting newer systems will significantly aid the emission reduction strategies 

identified in Chapter 1. 

 CHP developers have not sufficiently controlled NOx emissions in current micro-CHP 

technologies. While this results from a combination of technical and legal shortcomings, 

these emissions will prove to be the biggest hindrance in GHG reductions as a result of 

the implementation of these technologies.  

 A more robust emission model would account for the emission intensities based on 

different hours of the day as opposed to province-wide averages. Also, emission outputs 

accounting for different heating technologies and the manufacture of the different system 

components would be a strong refinement of the proposed model. 

 The discount, or interest, rate has shown to indirectly increase the emission output of the 

optimized systems. This suggests a negative impact of increased interest rates on 

promoting renewable energies and more efficient use of fossil fuels. 

 PV-CCHP systems coupled with thermal storage should also be investigated for 

performance impact. It is predicted that stored thermal energy can prove to significantly 

reduce emission outputs by reducing the need for activating the CHP to only meet 

thermal requirements.  

 Higher resolution input data (as fine as CHREM‟s finest 5-minute resolution end-use 

energy intervals as opposed to the current 1-hour interval) should be pursued for future 

development of this platform. Results from higher resolution data should be compared in 

order to make a better assessment of the system performance based on the proposed 

simulation. 

 An independent multiobjective optimization algorithm should be developed that is tailor-

fitted to the needs of this simulation. This new algorithm should be focused on decreased 
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simulation and optimization time as well as avoiding logical loops that MATLAB‟s 

optimization toolbox generates in conjunction with the proposed model (in particular 

related to the discrete and non-discrete discrepancy between the variables and the 

optimization toolbox). The new algorithm should be developed in an open-source context 

in order to allow for the simulation and optimization‟s improvement. 

 From a planning/policy perspective, these technologies may best serve as replacements 

for new communities attempting to gain access to emission-intensive grids such as those 

in Alberta and Nova Scotia. While it may be particularly challenging to replace existing 

power supply networks with these technologies, investment in energy systems for 

residential end-users should shift to single-use and communal sized PV-CCHP systems 

instead of continuing to expand emission-intensive centralized power supply systems that 

are prevalent in these regions. 
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Appendix A: Graphical Representation of Load Profiles Obtained from 

CHREM 
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Appendix B: Optimization Results with Commercial and Quasi-

Commercial CHP Technologies 

The following appendix is intended to provide the full optimization results that was produced by 

the algorithm.  MATLAB produced the optimization outputs in non-discrete format. The outputs 

were processed into discrete format as defined in the optimization routine (each value was 

rounded up). As a guide to understand the technology selection for the CHP, PV, and Battery 

components, the following numerical value was assigned to each system. The technology 

performance and cost characteristics are explained and tabulated in Tables 4.2-4.4.  

Assigned Number Photovoltaic CHP Battery 

1 Conergy SG 170 M 1 kWe Honda Hoppecke 10 OPzS 1000 

2 Conergy Power Plus 230 P 5.5 kWe Senertec Hoppecke 24 OPzS 3000 

3 SolarWorld SW 160 Mono 5.3 kWe Senertec Hoppecke 4 OPzS 200 

4 SolarWorld SW 200 Poly 10 kWe Cummins Trojan L16P 

5 Trina Solar TSM-180D 10 kWe PEFC Trojan T-105 

6 Yingli YL 180 (23) P 2 kWe SOLO Vision 6FM55D 

7 Schott EFG 310 9 kWe SOLO  

8 BP Solar BP 340 J   

9 BP SOLAR BP 380   

10 Canadian Solar CS6P-240   
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Kingston SD 

Parallel 
PV Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net Emissions (g CO2 eq) 

3 6 6 1 6 8 5 31723.39 -3577351.93 

3 6 6 1 6 8 5 31723.39 -3577351.93 

3 6 6 1 6 8 5 31723.39 -3577351.93 

4 6 6 1 6 8 5 31881.16 -3577798.62 

4 6 6 1 6 8 5 31881.16 -3577798.62 

4 6 7 1 6 8 5 32222.68 -3578671.22 

4 6 7 1 6 8 5 32222.68 -3578671.22 

3 7 7 1 6 8 5 32468.43 -3578741.79 

3 7 7 1 6 8 5 32468.43 -3578741.79 

4 6 8 1 6 8 5 32771.3 -3579477.59 

4 6 8 1 6 8 5 32771.3 -3579477.59 

5 6 7 1 6 8 5 33090.65 -3579782.58 

5 6 8 1 6 8 5 33667.21 -3579818.23 

5 6 8 1 6 8 5 33667.21 -3579818.23 

4 7 9 1 6 8 5 34733.85 -3580399.99 

4 7 9 1 6 8 5 34733.85 -3580399.99 

4 7 9 1 6 8 5 34733.85 -3580399.99 

3 8 5 1 6 3 5 34833.06 -3580555.42 

3 6 7 1 6 3 5 34998.83 -3580562.52 

3 6 7 1 6 3 5 34998.83 -3580562.52 

3 6 8 1 6 3 5 35709.32 -3580578.41 
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3 9 8 1 6 3 5 35709.32 -3580578.41 

3 7 7 1 6 3 5 35886.73 -3580579.65 

3 7 7 1 6 3 5 35886.73 -3580579.65 

3 7 7 1 6 3 5 35886.73 -3580579.65 

6 7 8 1 6 8 5 36555 -3580591.16 

6 7 8 1 6 8 5 36555 -3580591.16 

3 7 8 1 6 3 5 36963.23 -3580592.92 

3 7 8 1 6 3 5 36963.23 -3580592.92 

3 8 9 1 6 7 5 37631.9 -3580606.27 

3 8 9 1 6 7 5 37631.9 -3580606.27 

3 8 9 1 6 6 5 41616.04 -3580606.63 

3 8 9 1 6 6 5 41616.04 -3580606.63 

4 8 9 1 6 7 5 42557.62 -3580606.72 

4 8 9 1 6 7 5 42557.62 -3580606.72 

3 7 8 1 6 7 4 73126.54 -3580607.53 

3 7 8 1 6 7 4 73126.54 -3580607.53 

 

Kingston DR 

Parallel 
PV Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net Emissions (g CO2 eq) 

2 9 5 1 6 7 5 35134.19 -3535513.63 

2 9 5 1 6 7 5 35134.19 -3535513.63 

2 6 8 1 6 7 5 35283.54 -3536913.59 
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2 6 8 1 6 7 5 35283.54 -3536913.59 

2 6 8 1 6 7 5 35283.54 -3536913.59 

2 8 6 1 6 7 5 35339.92 -3537168.73 

2 8 6 1 6 7 5 35339.92 -3537168.73 

2 9 6 1 6 7 5 35946.17 -3538172.01 

2 9 6 1 6 7 5 35946.17 -3538172.01 

2 9 6 1 6 7 5 35946.17 -3538172.01 

2 6 8 1 6 6 5 37132.32 -3538481.08 

2 6 8 1 6 6 5 37132.32 -3538481.08 

2 9 7 1 6 7 5 37203.21 -3538615.57 

2 9 7 1 6 7 5 37203.21 -3538615.57 

2 7 7 1 6 6 5 37280.62 -3540212.74 

2 7 7 1 6 6 5 37280.62 -3540212.74 

2 7 7 1 6 6 5 37280.62 -3540212.74 

2 7 7 1 6 6 5 37280.62 -3540212.74 

2 8 7 1 6 6 5 38279.33 -3540330.8 

2 8 7 1 6 6 5 38279.33 -3540330.8 

2 8 7 1 6 6 5 38279.33 -3540330.8 

2 8 9 1 6 7 5 38687.33 -3540429.45 
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2 8 9 1 6 7 5 38687.33 -3540429.45 

2 8 8 1 6 6 5 39559.89 -3540437.93 

2 8 8 1 6 6 5 39559.89 -3540437.93 

2 8 8 1 6 6 5 39559.89 -3540437.93 

2 8 9 1 6 6 5 41079.11 -3540445.85 

2 8 9 1 6 6 5 41079.11 -3540445.85 

2 8 9 1 6 6 5 41079.11 -3540445.85 

2 9 9 1 6 6 5 42909.4 -3540451.84 

2 9 9 1 6 6 5 42909.4 -3540451.84 

4 9 9 1 6 7 5 45108.29 -3540453.99 

4 9 9 1 6 7 5 45108.29 -3540453.99 

2 8 9 1 6 7 4 82789.41 -3540456.66 

2 9 8 1 6 7 4 82789.41 -3540456.66 

3 8 5 1 6 7 2 87797.2 -3540456.93 

3 8 5 1 6 7 2 87797.2 -3540456.93 
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Vancouver SD 

Parallel 
PV Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net Emissions (g CO2 eq) 

5 4 9 1 6 8 5 47873.18682 -480512.6539 

5 4 9 1 6 8 5 47873.18682 -480512.6539 

2 4 6 1 6 7 5 48020.67554 -484557.4616 

6 6 9 1 6 8 5 48125.14311 -491332.2131 

3 4 7 1 6 7 5 48314.39237 -499043.2807 

3 4 2 1 6 7 5 51393.07604 -505454.1719 

6 10 8 1 6 1 5 55416.65072 -511888.0982 

6 3 5 1 6 7 5 60166.85455 -513527.5951 

6 8 9 1 6 7 5 62290.94173 -514989.8037 

6 3 2 1 6 7 3 63713.24659 -517605.0603 

7 2 3 1 6 7 5 67092.88922 -518850.6408 

8 2 2 1 6 7 5 71282.04263 -519777.8533 

8 3 4 1 6 7 3 74277.41651 -520027.7486 

3 1 5 2 6 8 3 76903.30746 -524760.076 

3 2 6 2 6 8 3 82291.77252 -526543.5904 

3 2 6 2 6 8 3 82291.77252 -526543.5904 



156 

 

2 8 1 2 6 7 6 85884.02406 -526595.5467 

8 2 2 2 6 8 5 89229.22906 -526632.9778 

5 8 9 2 6 7 5 94832.62557 -526864.5878 

8 8 9 2 6 1 5 101556.6728 -526887.0585 

6 8 9 2 6 6 5 105485.0311 -526896.3525 

8 8 9 2 6 7 5 107036.8999 -527008.4609 

5 5 6 2 6 7 2 119309.4953 -527035.6384 

6 5 6 2 6 7 2 122807.2512 -527156.9916 

7 6 5 2 6 7 2 127261.2113 -527170.7534 

7 6 5 2 6 7 2 127261.2113 -527170.7534 

8 5 6 2 6 7 2 131298.7116 -527192.3137 

7 6 6 2 6 7 2 135323.3088 -527264.729 

6 7 6 2 6 7 2 139276.5903 -527272.6683 

8 6 6 2 6 7 2 139681.7678 -527278.5818 

7 6 7 2 6 7 2 143816.5534 -527282.361 

7 6 7 2 6 7 2 143816.5534 -527282.361 

6 8 6 2 6 7 2 147912.8154 -527334.7554 

6 7 7 2 6 7 2 149414.7073 -527357.0282 

7 7 7 2 6 7 2 154222.022 -527360.2682 
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8 8 6 2 6 7 2 157542.8059 -527362.2482 

8 8 6 2 6 7 2 157542.8059 -527362.2482 

 

Vancouver DR 

Parallel 
PV Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net Emissions (g CO2 eq) 

2 7 6 1 6 7 5 35677.55 -462074.2492 

2 8 6 1 6 7 5 35817.38 -462552.7708 

2 8 6 1 6 6 5 36911.87 -463916.6626 

2 1 4 1 6 8 5 37474.88 -465834.4735 

3 1 4 1 6 8 5 38404.31 -465873.391 

2 1 5 1 6 7 5 40380.86 -465928.8412 

2 1 5 1 6 7 5 40380.86 -465928.8412 

3 2 4 1 6 8 3 43121.96 -466611.0539 

4 2 4 1 6 8 3 43799.92 -466908.1586 

2 2 5 1 6 7 3 44452.94 -467194.0697 

2 2 8 1 6 7 3 45363.51 -467232.0015 

2 2 7 1 6 6 3 46708.35 -467252.9587 
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3 2 5 1 6 6 3 50942.41 -467253.2737 

4 2 6 1 6 7 3 52040.08 -467287.705 

4 2 7 1 6 7 3 52396.15 -467289.8103 

4 2 3 1 6 6 3 55880.6 -467291.7228 

5 2 8 1 6 7 3 57091.66 -467306.6476 

6 2 4 1 6 7 3 60213.15 -467308.0093 

6 2 7 1 6 7 3 61261.27 -467314.8177 

5 2 7 1 6 6 3 62884.58 -467316.8614 

5 2 8 1 6 6 3 63165.68 -467320.6911 

7 2 5 1 6 7 3 65049.49 -467321.1946 

7 2 8 1 6 7 3 66046.89 -467328.939 

5 5 5 1 6 7 2 69428.05 -467329.0642 

5 5 5 1 6 7 2 69428.05 -467329.0642 

6 4 6 1 6 7 2 72682.45 -467445.1117 

6 4 6 1 6 7 2 72682.45 -467445.1117 

5 4 7 1 6 7 2 73728.9 -467549.137 

5 4 7 1 6 7 2 73728.9 -467549.137 

5 5 6 1 6 7 2 76681.06 -467759.2823 

5 5 6 1 6 7 2 76681.06 -467759.2823 
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6 5 6 1 6 7 2 81559.89 -467780.2458 

6 5 6 1 6 7 2 81559.89 -467780.2458 

5 5 7 1 6 7 2 84259.08 -467870.6206 

5 5 7 1 6 7 2 84259.08 -467870.6206 

5 6 6 1 6 7 2 85795.26 -467870.7106 

5 6 6 1 6 7 2 85795.26 -467870.7106 

 

 

Montreal SD 

Parallel 
PV Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net Emissions (g CO2 eq) 

2 6 9 1 6 8 5 26321.3 -39252.05 

2 6 9 1 6 8 5 26321.3 -39252.05 

2 7 8 1 6 8 5 26594.78 -39252.77 

2 7 8 1 6 8 5 26594.78 -39252.77 

3 6 9 1 6 8 5 27189.61 -39287.17 

3 6 9 1 6 8 5 27189.61 -39287.17 

3 8 7 1 6 8 5 27494.7 -39288.05 

3 8 7 1 6 8 5 27494.7 -39288.05 
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3 6 10 1 6 8 5 28004.56 -39292.29 

3 6 10 1 6 8 5 28004.56 -39292.29 

3 7 9 1 6 8 5 28426.34 -39294.43 

3 7 9 1 6 8 5 28426.34 -39294.43 

3 8 8 1 6 8 5 28575.27 -39294.95 

3 8 8 1 6 8 5 28575.27 -39294.95 

3 7 10 1 6 8 5 29500.25 -39297.32 

3 7 10 1 6 8 5 29500.25 -39297.32 

3 8 9 1 6 8 5 29819.65 -39297.85 

3 8 9 1 6 8 5 29819.65 -39297.85 

2 6 9 1 6 7 5 30306.27 -39300.36 

2 7 8 1 6 7 5 30612.8 -39301.17 

2 7 8 1 6 7 5 30612.8 -39301.17 

2 7 9 1 6 7 5 31736.56 -39302.88 

2 7 9 1 6 7 5 31736.56 -39302.88 

5 8 8 1 6 8 5 32382.18 -39302.97 

5 8 8 1 6 8 5 32382.18 -39302.97 

2 8 9 1 6 7 5 33190.68 -39304.86 

2 8 9 1 6 7 5 33190.68 -39304.86 
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3 7 8 1 6 7 5 35397.2 -39304.95 

3 7 8 1 6 7 5 35397.2 -39304.95 

3 7 9 1 6 7 5 36578.25 -39305.31 

3 7 9 1 6 7 5 36578.25 -39305.31 

3 7 9 1 6 7 5 36578.25 -39305.31 

3 8 8 1 6 7 5 36737.7 -39305.58 

3 8 8 1 6 7 5 36737.7 -39305.58 

3 7 10 1 6 7 5 37751.66 -39305.85 

3 7 10 1 6 7 5 37751.66 -39305.85 

3 7 10 1 6 7 5 37751.66 -39305.85 
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Montreal DR 

Parallel 
PV Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net Emissions (g CO2 eq) 

1 5 7 1 6 7 5 21918.03 -50567.6 

1 5 7 1 6 7 5 21918.03 -50567.6 

1 5 7 1 6 6 5 22329.25 -50595.2 

1 6 7 1 6 7 5 22369.51 -50604.7 

1 5 8 1 6 6 5 22742.19 -50609.8 

1 6 7 1 6 6 5 22995.13 -50621.7 

1 6 7 1 6 6 5 22995.13 -50621.7 

1 6 8 1 6 6 5 23775.81 -50644.3 

1 7 7 1 6 6 5 23990.61 -50644.5 

2 5 8 1 6 7 5 25257.42 -50646 

2 6 7 1 6 7 5 25520.87 -50656.9 

2 6 8 1 6 7 5 26461.61 -50662.3 

2 7 7 1 6 7 5 26673.79 -50669.1 

2 6 8 1 6 6 5 28848.56 -50675 

2 6 8 1 6 6 5 28848.56 -50675 

3 6 7 1 6 7 5 29704.53 -50675.7 
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3 6 7 1 6 7 5 29704.53 -50675.7 

2 6 9 1 6 6 5 29983.93 -50681.4 

2 6 9 1 6 6 5 29983.93 -50681.4 

3 6 8 1 6 7 5 30721.32 -50684.8 

3 7 7 1 6 7 5 30922.26 -50685.5 

3 6 8 1 6 6 5 34655.98 -50686.1 

3 7 7 1 6 6 5 34873.87 -50686.6 

4 7 7 1 6 7 5 35804.42 -50687 

4 7 7 1 6 7 5 35804.42 -50687 

4 7 8 1 6 7 5 37256.64 -50691.1 

4 7 8 1 6 7 5 37256.64 -50691.1 

5 7 8 1 6 6 5 48864.68 -50691.2 

5 7 8 1 6 6 5 48864.68 -50691.2 

3 6 6 1 6 7 4 61038.37 -50691.6 

3 6 6 1 6 7 4 61038.37 -50691.6 

3 5 8 1 6 7 4 65647.81 -50692.2 

3 5 8 1 6 7 4 65647.81 -50692.2 

3 6 7 1 6 7 4 67962.07 -50692.3 

3 6 7 1 6 7 4 67962.07 -50692.3 
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5 6 8 1 6 7 4 70173.63 -50692.6 

5 6 8 1 6 7 4 70173.63 -50692.6 

 

Halifax SD 

Parallel 
PV Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net Emissions (g CO2 eq) 

4 8 6 1 1 8 5 4 8 

4 8 6 1 1 8 5 4 8 

4 8 7 1 1 8 5 4 8 

4 8 7 1 1 8 5 4 8 

5 8 7 1 1 8 5 5 8 

5 8 8 1 1 8 5 5 8 

5 9 8 1 1 8 5 5 9 

3 8 7 1 1 7 5 3 8 

3 8 8 1 1 7 5 3 8 

3 8 8 1 1 7 5 3 8 

3 9 8 1 1 7 5 3 9 

3 9 8 1 1 7 5 3 9 

4 8 8 1 1 7 5 4 8 
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4 1 2 1 2 8 3 4 1 

5 1 2 1 2 8 3 5 1 

5 1 2 1 2 8 3 5 1 

5 7 8 1 2 8 5 5 7 

5 7 8 1 2 8 5 5 7 

5 8 9 1 2 8 5 5 8 

3 8 8 1 2 7 5 3 8 

2 8 7 2 1 7 5 2 8 

2 9 7 2 1 7 5 2 9 

2 8 7 2 1 6 5 2 8 

2 9 7 2 1 6 5 2 9 

3 9 7 2 1 7 5 3 9 

3 9 8 2 1 7 5 3 9 

4 9 7 2 1 7 5 4 9 

4 8 8 2 1 7 5 4 8 

4 8 9 2 1 7 5 4 8 

6 9 8 2 1 7 5 6 9 

6 9 8 2 1 7 5 6 9 

5 4 7 2 1 8 2 5 4 
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4 3 8 2 1 9 2 4 3 

5 3 8 2 1 9 2 5 3 

5 3 8 2 1 9 2 5 3 

4 4 8 2 1 9 2 4 4 

4 4 8 2 1 9 2 4 4 

 

Halifax DR 

Parallel 
PV Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net Emissions (g CO2 eq) 

1 1 6 1 6 8 6 18229.04294 -21696826.82 

1 1 5 1 6 8 3 18651.26478 -21715341.73 

1 1 5 1 6 8 3 18651.26478 -21715341.73 

1 1 3 1 6 3 3 19524.85396 -21715364.15 

1 1 3 1 6 3 3 19524.85396 -21715364.15 

1 1 5 1 6 7 3 20358.10062 -21715370.36 

1 1 5 1 6 7 3 20358.10062 -21715370.36 

1 1 3 1 6 6 3 20871.30486 -21715379.76 

1 5 7 1 6 7 5 21137.04789 -21715525.38 

1 5 7 1 6 7 5 21137.04789 -21715525.38 
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2 7 9 1 6 8 5 22063.81362 -21715547.15 

2 7 9 1 6 8 5 22063.81362 -21715547.15 

2 7 9 1 6 8 5 22063.81362 -21715547.15 

2 8 8 1 6 8 5 22234.03398 -21715547.17 

2 8 8 1 6 8 5 22234.03398 -21715547.17 

3 7 9 1 6 8 5 23358.94457 -21715565.94 

3 7 9 1 6 8 5 23358.94457 -21715565.94 

3 7 9 1 6 8 5 23358.94457 -21715565.94 

3 8 8 1 6 8 5 23517.57077 -21715566.22 

3 8 8 1 6 8 5 23517.57077 -21715566.22 

3 7 10 1 6 8 5 24490.86938 -21715567.45 

3 8 9 1 6 8 5 24820.8603 -21715567.73 

3 8 9 1 6 8 5 24820.8603 -21715567.73 

3 8 10 1 6 8 5 26185.92968 -21715567.78 

1 1 5 2 6 7 6 53707.15229 -22196265.1 

1 1 4 2 6 6 6 54624.12304 -22196270.55 

1 6 6 2 6 7 5 56702.37985 -22196379.6 

2 8 8 2 6 8 5 56735.54968 -22196421.04 

2 8 8 2 6 8 5 56735.54968 -22196421.04 
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3 7 9 2 6 8 5 57198.13545 -22196454.98 

3 7 9 2 6 8 5 57198.13545 -22196454.98 

3 8 8 2 6 8 5 57353.76287 -22196455.34 

3 8 8 2 6 8 5 57353.76287 -22196455.34 

3 9 8 2 6 8 5 58575.86688 -22196458.76 

3 8 9 2 6 8 5 58575.86688 -22196458.76 

3 8 10 2 6 8 5 59927.82464 -22196459.12 

3 8 10 2 6 8 5 59927.82464 -22196459.12 
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Edmonton SD 

Parallel 
PV Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net Emissions (g CO2 eq) 

2 4 7 1 6 7 5 31651.57 -25436122.21 

2 5 4 1 6 7 5 32662.89 -25478402.49 

3 4 7 1 6 7 5 35438.7 -25615865.96 

2 2 2 1 6 7 5 37798.66 -25725789.7 

3 2 3 1 6 7 5 40370.69 -25793213.87 

3 2 2 1 6 7 3 40765.76 -25797818.4 

4 2 2 1 6 6 3 49043.21 -25799435.83 

4 3 3 1 6 6 3 50201.03 -25804013.48 

6 4 4 1 6 7 3 55374.76 -25809181.21 

6 4 4 1 6 7 3 55374.76 -25809181.21 

2 3 2 2 6 8 3 66667.55 -25917796.18 

2 2 2 2 6 7 3 67229.23 -25917913.14 

2 2 2 2 6 6 5 69300.55 -25917920.03 

3 2 4 2 6 7 3 71835.65 -25917944.99 

3 2 2 2 6 6 3 74865.91 -25917947.56 

4 2 5 2 6 7 3 76722.51 -25917958.26 
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5 8 7 2 6 7 5 78645.47 -25918301.39 

6 7 8 2 6 7 5 82912.65 -25918317.31 

6 8 8 2 6 7 5 83036.32 -25918358.06 

4 4 5 2 6 7 2 88154.42 -25918380.43 

4 4 5 2 6 7 2 88154.42 -25918380.43 

5 4 5 2 6 7 2 92197.88 -25918401.67 

4 5 5 2 6 7 2 94932.83 -25918402.02 

5 4 6 2 6 7 2 97560.32 -25918420.38 

5 5 5 2 6 7 2 99046.85 -25918421.64 

6 4 6 2 6 7 2 102240.2 -25918426.62 

6 5 5 2 6 7 2 103734.4 -25918427.7 

5 5 6 2 6 7 2 106465 -25918428.28 

5 5 6 2 6 7 2 106465 -25918428.28 

6 6 5 2 6 7 2 111327.5 -25918430.22 

6 6 5 2 6 7 2 111327.5 -25918430.22 

4 5 7 2 6 6 2 114469.8 -25918430.23 

5 6 6 2 6 7 2 115605.7 -25918430.62 

6 7 5 2 6 7 2 118944.5 -25918432.17 

6 6 6 2 6 7 2 120476.9 -25918432.35 
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5 6 7 2 6 7 2 124741.5 -25918433.07 

5 6 7 2 6 7 2 124741.5 -25918433.07 

 

 

Edmonton DR 

Parallel 
PV Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net Emissions (g CO2 eq) 

2 7 8 1 6 8 5 25384.42 -22516646.57 

2 7 8 1 6 8 5 25384.42 -22516646.57 

3 6 5 1 6 8 5 25845.91 -22517671.55 

3 6 6 1 6 8 5 26388.28 -22517691.81 

3 7 8 1 6 8 5 26440.38 -22517721.65 

3 9 7 1 6 8 5 27540.18 -22517723.93 

3 8 8 1 6 8 5 27669.49 -22517724.96 

3 9 8 1 6 8 5 28904.54 -22517728.05 

4 8 8 1 6 8 5 29351.01 -22517734.32 

4 8 9 1 6 8 5 30649.51 -22517735.94 

5 8 8 1 6 8 5 31313.76 -22517736.93 
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5 10 7 1 6 8 5 32299.29 -22517737.87 

5 8 9 1 6 8 5 32623.63 -22517738.28 

6 9 7 1 6 8 5 33149.95 -22517738.5 

3 8 8 1 6 9 5 33786.59 -22517738.9 

5 9 9 1 6 8 5 34107.85 -22517739.55 

6 9 8 1 6 8 5 34632.96 -22517739.8 

6 9 8 1 6 8 5 34632.96 -22517739.8 

6 10 9 1 6 8 5 37703.99 -22517739.92 

6 10 9 1 6 8 5 37703.99 -22517739.92 

3 7 8 2 6 8 5 59209.04 -23159744.79 

3 7 8 2 6 8 5 59209.04 -23159744.79 

3 9 7 2 6 8 5 60227.28 -23159749.33 

4 7 8 2 6 8 5 60453.34 -23159764.93 

4 9 7 2 6 8 5 61296.83 -23159773.25 

4 8 8 2 6 8 5 61416.29 -23159774.46 

5 7 8 2 6 8 5 62039.48 -23159776.42 

5 9 7 2 6 8 5 63013.42 -23159781.66 

5 8 8 2 6 8 5 63138.67 -23159782.73 

4 9 9 2 6 8 5 63956.49 -23159783.06 
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5 9 8 2 6 8 5 64386.43 -23159785.55 

6 8 8 2 6 8 5 65069.81 -23159786.09 

6 8 8 2 6 8 5 65069.81 -23159786.09 

5 10 8 2 6 8 5 65654.36 -23159787.89 

5 9 9 2 6 8 5 65801.94 -23159788.44 

5 10 9 2 6 8 5 67278.39 -23159789.89 

5 10 9 2 6 8 5 67278.39 -23159789.89 
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Appendix C: Optimization Results with Only Commercial CHP Technologies 

Kingston SD 

Parallel 
PV Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net Emissions (g CO2 eq) 

3 6 6 1 6 8 5 31723.39 -3577351.93 

3 6 6 1 6 8 5 31723.39 -3577351.93 

3 6 6 1 6 8 5 31723.39 -3577351.93 

4 6 6 1 6 8 5 31881.16 -3577798.62 

4 6 6 1 6 8 5 31881.16 -3577798.62 

4 6 7 1 6 8 5 32222.68 -3578671.22 

4 6 7 1 6 8 5 32222.68 -3578671.22 

3 7 7 1 6 8 5 32468.43 -3578741.79 

3 7 7 1 6 8 5 32468.43 -3578741.79 

4 6 8 1 6 8 5 32771.3 -3579477.59 

4 6 8 1 6 8 5 32771.3 -3579477.59 

5 6 7 1 6 8 5 33090.65 -3579782.58 

5 6 8 1 6 8 5 33667.21 -3579818.23 

5 6 8 1 6 8 5 33667.21 -3579818.23 

4 7 9 1 6 8 5 34733.85 -3580399.99 

4 7 9 1 6 8 5 34733.85 -3580399.99 

4 7 9 1 6 8 5 34733.85 -3580399.99 

3 8 5 1 6 3 5 34833.06 -3580555.42 

3 6 7 1 6 3 5 34998.83 -3580562.52 



175 

 

3 6 7 1 6 3 5 34998.83 -3580562.52 

3 6 8 1 6 3 5 35709.32 -3580578.41 

3 9 8 1 6 3 5 35709.32 -3580578.41 

3 7 7 1 6 3 5 35886.73 -3580579.65 

3 7 7 1 6 3 5 35886.73 -3580579.65 

3 7 7 1 6 3 5 35886.73 -3580579.65 

6 7 8 1 6 8 5 36555 -3580591.16 

6 7 8 1 6 8 5 36555 -3580591.16 

3 7 8 1 6 3 5 36963.23 -3580592.92 

3 7 8 1 6 3 5 36963.23 -3580592.92 

3 8 9 1 6 7 5 37631.9 -3580606.27 

3 8 9 1 6 7 5 37631.9 -3580606.27 

3 8 9 1 6 6 5 41616.04 -3580606.63 

3 8 9 1 6 6 5 41616.04 -3580606.63 

4 8 9 1 6 7 5 42557.62 -3580606.72 

4 8 9 1 6 7 5 42557.62 -3580606.72 

3 7 8 1 6 7 4 73126.54 -3580607.53 

3 7 8 1 6 7 4 73126.54 -3580607.53 

 

Kingston DR 

Parallel 
PV Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net Emissions (g CO2 eq) 

2 9 5 1 6 7 5 35134.19 -3535513.63 
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2 9 5 1 6 7 5 35134.19 -3535513.63 

2 6 8 1 6 7 5 35283.54 -3536913.59 

2 6 8 1 6 7 5 35283.54 -3536913.59 

2 6 8 1 6 7 5 35283.54 -3536913.59 

2 8 6 1 6 7 5 35339.92 -3537168.73 

2 8 6 1 6 7 5 35339.92 -3537168.73 

2 9 6 1 6 7 5 35946.17 -3538172.01 

2 9 6 1 6 7 5 35946.17 -3538172.01 

2 9 6 1 6 7 5 35946.17 -3538172.01 

2 6 8 1 6 6 5 37132.32 -3538481.08 

2 6 8 1 6 6 5 37132.32 -3538481.08 

2 9 7 1 6 7 5 37203.21 -3538615.57 

2 9 7 1 6 7 5 37203.21 -3538615.57 

2 7 7 1 6 6 5 37280.62 -3540212.74 

2 7 7 1 6 6 5 37280.62 -3540212.74 

2 7 7 1 6 6 5 37280.62 -3540212.74 

2 7 7 1 6 6 5 37280.62 -3540212.74 

2 8 7 1 6 6 5 38279.33 -3540330.8 

2 8 7 1 6 6 5 38279.33 -3540330.8 
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2 8 7 1 6 6 5 38279.33 -3540330.8 

2 8 9 1 6 7 5 38687.33 -3540429.45 

2 8 9 1 6 7 5 38687.33 -3540429.45 

2 8 8 1 6 6 5 39559.89 -3540437.93 

2 8 8 1 6 6 5 39559.89 -3540437.93 

2 8 8 1 6 6 5 39559.89 -3540437.93 

2 8 9 1 6 6 5 41079.11 -3540445.85 

2 8 9 1 6 6 5 41079.11 -3540445.85 

2 8 9 1 6 6 5 41079.11 -3540445.85 

2 9 9 1 6 6 5 42909.4 -3540451.84 

2 9 9 1 6 6 5 42909.4 -3540451.84 

4 9 9 1 6 7 5 45108.29 -3540453.99 

4 9 9 1 6 7 5 45108.29 -3540453.99 

2 8 9 1 6 7 4 82789.41 -3540456.66 

2 9 8 1 6 7 4 82789.41 -3540456.66 

3 8 5 1 6 7 2 87797.2 -3540456.93 

3 8 5 1 6 7 2 87797.2 -3540456.93 

 

 

 



178 

 

 

 

Vancouver SD 

Parallel 
PV Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net Emissions (g CO2 eq) 

5 4 9 1 6 8 5 47873.18682 -480512.6539 

5 4 9 1 6 8 5 47873.18682 -480512.6539 

2 4 6 1 6 7 5 48020.67554 -484557.4616 

6 6 9 1 6 8 5 48125.14311 -491332.2131 

3 4 7 1 6 7 5 48314.39237 -499043.2807 

3 4 2 1 6 7 5 51393.07604 -505454.1719 

6 10 8 1 6 1 5 55416.65072 -511888.0982 

6 3 5 1 6 7 5 60166.85455 -513527.5951 

6 8 9 1 6 7 5 62290.94173 -514989.8037 

6 3 2 1 6 7 3 63713.24659 -517605.0603 

7 2 3 1 6 7 5 67092.88922 -518850.6408 

8 2 2 1 6 7 5 71282.04263 -519777.8533 

8 3 4 1 6 7 3 74277.41651 -520027.7486 

3 1 5 2 6 8 3 76903.30746 -524760.076 
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3 2 6 2 6 8 3 82291.77252 -526543.5904 

3 2 6 2 6 8 3 82291.77252 -526543.5904 

2 8 1 2 6 7 6 85884.02406 -526595.5467 

8 2 2 2 6 8 5 89229.22906 -526632.9778 

5 8 9 2 6 7 5 94832.62557 -526864.5878 

8 8 9 2 6 1 5 101556.6728 -526887.0585 

6 8 9 2 6 6 5 105485.0311 -526896.3525 

8 8 9 2 6 7 5 107036.8999 -527008.4609 

5 5 6 2 6 7 2 119309.4953 -527035.6384 

6 5 6 2 6 7 2 122807.2512 -527156.9916 

7 6 5 2 6 7 2 127261.2113 -527170.7534 

7 6 5 2 6 7 2 127261.2113 -527170.7534 

8 5 6 2 6 7 2 131298.7116 -527192.3137 

7 6 6 2 6 7 2 135323.3088 -527264.729 

6 7 6 2 6 7 2 139276.5903 -527272.6683 

8 6 6 2 6 7 2 139681.7678 -527278.5818 

7 6 7 2 6 7 2 143816.5534 -527282.361 

7 6 7 2 6 7 2 143816.5534 -527282.361 

6 8 6 2 6 7 2 147912.8154 -527334.7554 
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6 7 7 2 6 7 2 149414.7073 -527357.0282 

7 7 7 2 6 7 2 154222.022 -527360.2682 

8 8 6 2 6 7 2 157542.8059 -527362.2482 

8 8 6 2 6 7 2 157542.8059 -527362.2482 

 

Vancouver DR 

Parallel 
PV Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net Emissions (g CO2 eq) 

2 7 6 1 6 7 5 35677.55 -462074.2492 

2 8 6 1 6 7 5 35817.38 -462552.7708 

2 8 6 1 6 6 5 36911.87 -463916.6626 

2 1 4 1 6 8 5 37474.88 -465834.4735 

3 1 4 1 6 8 5 38404.31 -465873.391 

2 1 5 1 6 7 5 40380.86 -465928.8412 

2 1 5 1 6 7 5 40380.86 -465928.8412 

3 2 4 1 6 8 3 43121.96 -466611.0539 

4 2 4 1 6 8 3 43799.92 -466908.1586 

2 2 5 1 6 7 3 44452.94 -467194.0697 
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2 2 8 1 6 7 3 45363.51 -467232.0015 

2 2 7 1 6 6 3 46708.35 -467252.9587 

3 2 5 1 6 6 3 50942.41 -467253.2737 

4 2 6 1 6 7 3 52040.08 -467287.705 

4 2 7 1 6 7 3 52396.15 -467289.8103 

4 2 3 1 6 6 3 55880.6 -467291.7228 

5 2 8 1 6 7 3 57091.66 -467306.6476 

6 2 4 1 6 7 3 60213.15 -467308.0093 

6 2 7 1 6 7 3 61261.27 -467314.8177 

5 2 7 1 6 6 3 62884.58 -467316.8614 

5 2 8 1 6 6 3 63165.68 -467320.6911 

7 2 5 1 6 7 3 65049.49 -467321.1946 

7 2 8 1 6 7 3 66046.89 -467328.939 

5 5 5 1 6 7 2 69428.05 -467329.0642 

5 5 5 1 6 7 2 69428.05 -467329.0642 

6 4 6 1 6 7 2 72682.45 -467445.1117 

6 4 6 1 6 7 2 72682.45 -467445.1117 

5 4 7 1 6 7 2 73728.9 -467549.137 

5 4 7 1 6 7 2 73728.9 -467549.137 
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5 5 6 1 6 7 2 76681.06 -467759.2823 

5 5 6 1 6 7 2 76681.06 -467759.2823 

6 5 6 1 6 7 2 81559.89 -467780.2458 

6 5 6 1 6 7 2 81559.89 -467780.2458 

5 5 7 1 6 7 2 84259.08 -467870.6206 

5 5 7 1 6 7 2 84259.08 -467870.6206 

5 6 6 1 6 7 2 85795.26 -467870.7106 

5 6 6 1 6 7 2 85795.26 -467870.7106 

 

 

Montreal SD 

Parallel 
PV Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net Emissions (g CO2 eq) 

2 6 9 1 6 8 5 26321.3 -39252.05 

2 6 9 1 6 8 5 26321.3 -39252.05 

2 7 8 1 6 8 5 26594.78 -39252.77 

2 7 8 1 6 8 5 26594.78 -39252.77 

3 6 9 1 6 8 5 27189.61 -39287.17 

3 6 9 1 6 8 5 27189.61 -39287.17 
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3 8 7 1 6 8 5 27494.7 -39288.05 

3 8 7 1 6 8 5 27494.7 -39288.05 

3 6 10 1 6 8 5 28004.56 -39292.29 

3 6 10 1 6 8 5 28004.56 -39292.29 

3 7 9 1 6 8 5 28426.34 -39294.43 

3 7 9 1 6 8 5 28426.34 -39294.43 

3 8 8 1 6 8 5 28575.27 -39294.95 

3 8 8 1 6 8 5 28575.27 -39294.95 

3 7 10 1 6 8 5 29500.25 -39297.32 

3 7 10 1 6 8 5 29500.25 -39297.32 

3 8 9 1 6 8 5 29819.65 -39297.85 

3 8 9 1 6 8 5 29819.65 -39297.85 

2 6 9 1 6 7 5 30306.27 -39300.36 

2 7 8 1 6 7 5 30612.8 -39301.17 

2 7 8 1 6 7 5 30612.8 -39301.17 

2 7 9 1 6 7 5 31736.56 -39302.88 

2 7 9 1 6 7 5 31736.56 -39302.88 

5 8 8 1 6 8 5 32382.18 -39302.97 

5 8 8 1 6 8 5 32382.18 -39302.97 
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2 8 9 1 6 7 5 33190.68 -39304.86 

2 8 9 1 6 7 5 33190.68 -39304.86 

3 7 8 1 6 7 5 35397.2 -39304.95 

3 7 8 1 6 7 5 35397.2 -39304.95 

3 7 9 1 6 7 5 36578.25 -39305.31 

3 7 9 1 6 7 5 36578.25 -39305.31 

3 7 9 1 6 7 5 36578.25 -39305.31 

3 8 8 1 6 7 5 36737.7 -39305.58 

3 8 8 1 6 7 5 36737.7 -39305.58 

3 7 10 1 6 7 5 37751.66 -39305.85 

3 7 10 1 6 7 5 37751.66 -39305.85 

3 7 10 1 6 7 5 37751.66 -39305.85 
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Montreal DR 

Parallel 
PV Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net Emissions (g CO2 eq) 

1 5 7 1 6 7 5 21918.03 -50567.6 

1 5 7 1 6 7 5 21918.03 -50567.6 

1 5 7 1 6 6 5 22329.25 -50595.2 

1 6 7 1 6 7 5 22369.51 -50604.7 

1 5 8 1 6 6 5 22742.19 -50609.8 

1 6 7 1 6 6 5 22995.13 -50621.7 

1 6 7 1 6 6 5 22995.13 -50621.7 

1 6 8 1 6 6 5 23775.81 -50644.3 

1 7 7 1 6 6 5 23990.61 -50644.5 

2 5 8 1 6 7 5 25257.42 -50646 

2 6 7 1 6 7 5 25520.87 -50656.9 

2 6 8 1 6 7 5 26461.61 -50662.3 

2 7 7 1 6 7 5 26673.79 -50669.1 

2 6 8 1 6 6 5 28848.56 -50675 

2 6 8 1 6 6 5 28848.56 -50675 

3 6 7 1 6 7 5 29704.53 -50675.7 
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3 6 7 1 6 7 5 29704.53 -50675.7 

2 6 9 1 6 6 5 29983.93 -50681.4 

2 6 9 1 6 6 5 29983.93 -50681.4 

3 6 8 1 6 7 5 30721.32 -50684.8 

3 7 7 1 6 7 5 30922.26 -50685.5 

3 6 8 1 6 6 5 34655.98 -50686.1 

3 7 7 1 6 6 5 34873.87 -50686.6 

4 7 7 1 6 7 5 35804.42 -50687 

4 7 7 1 6 7 5 35804.42 -50687 

4 7 8 1 6 7 5 37256.64 -50691.1 

4 7 8 1 6 7 5 37256.64 -50691.1 

5 7 8 1 6 6 5 48864.68 -50691.2 

5 7 8 1 6 6 5 48864.68 -50691.2 

3 6 6 1 6 7 4 61038.37 -50691.6 

3 6 6 1 6 7 4 61038.37 -50691.6 

3 5 8 1 6 7 4 65647.81 -50692.2 

3 5 8 1 6 7 4 65647.81 -50692.2 

3 6 7 1 6 7 4 67962.07 -50692.3 

3 6 7 1 6 7 4 67962.07 -50692.3 



187 

 

5 6 8 1 6 7 4 70173.63 -50692.6 

5 6 8 1 6 7 4 70173.63 -50692.6 

 

Halifax SD 

Parallel 
PV Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net Emissions (g CO2 eq) 

4 8 6 1 1 8 5 4 8 

4 8 6 1 1 8 5 4 8 

4 8 7 1 1 8 5 4 8 

4 8 7 1 1 8 5 4 8 

5 8 7 1 1 8 5 5 8 

5 8 8 1 1 8 5 5 8 

5 9 8 1 1 8 5 5 9 

3 8 7 1 1 7 5 3 8 

3 8 8 1 1 7 5 3 8 

3 8 8 1 1 7 5 3 8 

3 9 8 1 1 7 5 3 9 

3 9 8 1 1 7 5 3 9 

4 8 8 1 1 7 5 4 8 



188 

 

4 1 2 1 2 8 3 4 1 

5 1 2 1 2 8 3 5 1 

5 1 2 1 2 8 3 5 1 

5 7 8 1 2 8 5 5 7 

5 7 8 1 2 8 5 5 7 

5 8 9 1 2 8 5 5 8 

3 8 8 1 2 7 5 3 8 

2 8 7 2 1 7 5 2 8 

2 9 7 2 1 7 5 2 9 

2 8 7 2 1 6 5 2 8 

2 9 7 2 1 6 5 2 9 

3 9 7 2 1 7 5 3 9 

3 9 8 2 1 7 5 3 9 

4 9 7 2 1 7 5 4 9 

4 8 8 2 1 7 5 4 8 

4 8 9 2 1 7 5 4 8 

6 9 8 2 1 7 5 6 9 

6 9 8 2 1 7 5 6 9 

5 4 7 2 1 8 2 5 4 
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4 3 8 2 1 9 2 4 3 

5 3 8 2 1 9 2 5 3 

5 3 8 2 1 9 2 5 3 

4 4 8 2 1 9 2 4 4 

4 4 8 2 1 9 2 4 4 

 

Halifax DR 

Parallel 
PV Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net Emissions (g CO2 eq) 

1 1 6 1 6 8 6 18229.04294 -21696826.82 

1 1 5 1 6 8 3 18651.26478 -21715341.73 

1 1 5 1 6 8 3 18651.26478 -21715341.73 

1 1 3 1 6 3 3 19524.85396 -21715364.15 

1 1 3 1 6 3 3 19524.85396 -21715364.15 

1 1 5 1 6 7 3 20358.10062 -21715370.36 

1 1 5 1 6 7 3 20358.10062 -21715370.36 

1 1 3 1 6 6 3 20871.30486 -21715379.76 

1 5 7 1 6 7 5 21137.04789 -21715525.38 

1 5 7 1 6 7 5 21137.04789 -21715525.38 
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2 7 9 1 6 8 5 22063.81362 -21715547.15 

2 7 9 1 6 8 5 22063.81362 -21715547.15 

2 7 9 1 6 8 5 22063.81362 -21715547.15 

2 8 8 1 6 8 5 22234.03398 -21715547.17 

2 8 8 1 6 8 5 22234.03398 -21715547.17 

3 7 9 1 6 8 5 23358.94457 -21715565.94 

3 7 9 1 6 8 5 23358.94457 -21715565.94 

3 7 9 1 6 8 5 23358.94457 -21715565.94 

3 8 8 1 6 8 5 23517.57077 -21715566.22 

3 8 8 1 6 8 5 23517.57077 -21715566.22 

3 7 10 1 6 8 5 24490.86938 -21715567.45 

3 8 9 1 6 8 5 24820.8603 -21715567.73 

3 8 9 1 6 8 5 24820.8603 -21715567.73 

3 8 10 1 6 8 5 26185.92968 -21715567.78 

1 1 5 2 6 7 6 53707.15229 -22196265.1 

1 1 4 2 6 6 6 54624.12304 -22196270.55 

1 6 6 2 6 7 5 56702.37985 -22196379.6 

2 8 8 2 6 8 5 56735.54968 -22196421.04 

2 8 8 2 6 8 5 56735.54968 -22196421.04 



191 

 

3 7 9 2 6 8 5 57198.13545 -22196454.98 

3 7 9 2 6 8 5 57198.13545 -22196454.98 

3 8 8 2 6 8 5 57353.76287 -22196455.34 

3 8 8 2 6 8 5 57353.76287 -22196455.34 

3 9 8 2 6 8 5 58575.86688 -22196458.76 

3 8 9 2 6 8 5 58575.86688 -22196458.76 

3 8 10 2 6 8 5 59927.82464 -22196459.12 

3 8 10 2 6 8 5 59927.82464 -22196459.12 
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Edmonton SD 

Parallel 
PV Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net Emissions (g CO2 eq) 

2 4 7 1 6 7 5 31651.57 -25436122.21 

2 5 4 1 6 7 5 32662.89 -25478402.49 

3 4 7 1 6 7 5 35438.7 -25615865.96 

2 2 2 1 6 7 5 37798.66 -25725789.7 

3 2 3 1 6 7 5 40370.69 -25793213.87 

3 2 2 1 6 7 3 40765.76 -25797818.4 

4 2 2 1 6 6 3 49043.21 -25799435.83 

4 3 3 1 6 6 3 50201.03 -25804013.48 

6 4 4 1 6 7 3 55374.76 -25809181.21 

6 4 4 1 6 7 3 55374.76 -25809181.21 

2 3 2 2 6 8 3 66667.55 -25917796.18 

2 2 2 2 6 7 3 67229.23 -25917913.14 

2 2 2 2 6 6 5 69300.55 -25917920.03 

3 2 4 2 6 7 3 71835.65 -25917944.99 

3 2 2 2 6 6 3 74865.91 -25917947.56 

4 2 5 2 6 7 3 76722.51 -25917958.26 

5 8 7 2 6 7 5 78645.47 -25918301.39 

6 7 8 2 6 7 5 82912.65 -25918317.31 

6 8 8 2 6 7 5 83036.32 -25918358.06 

4 4 5 2 6 7 2 88154.42 -25918380.43 

4 4 5 2 6 7 2 88154.42 -25918380.43 

5 4 5 2 6 7 2 92197.88 -25918401.67 

4 5 5 2 6 7 2 94932.83 -25918402.02 

5 4 6 2 6 7 2 97560.32 -25918420.38 

5 5 5 2 6 7 2 99046.85 -25918421.64 

6 4 6 2 6 7 2 102240.2 -25918426.62 
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6 5 5 2 6 7 2 103734.4 -25918427.7 

5 5 6 2 6 7 2 106465 -25918428.28 

5 5 6 2 6 7 2 106465 -25918428.28 

6 6 5 2 6 7 2 111327.5 -25918430.22 

6 6 5 2 6 7 2 111327.5 -25918430.22 

4 5 7 2 6 6 2 114469.8 -25918430.23 

5 6 6 2 6 7 2 115605.7 -25918430.62 

6 7 5 2 6 7 2 118944.5 -25918432.17 

6 6 6 2 6 7 2 120476.9 -25918432.35 

5 6 7 2 6 7 2 124741.5 -25918433.07 

5 6 7 2 6 7 2 124741.5 -25918433.07 

 

 

Edmonton DR 

Parallel 
PV Rows 

Parallel 
Battery 
Rows 

Batteries 
in Series 

Parallel 
CHP 
rows 

CHP 
Technology 

PV 
Technology 

Battery 
Technology 

Costs ($) Net Emissions (g CO2 eq) 

2 7 8 1 6 8 5 25384.42 -22516646.57 

2 7 8 1 6 8 5 25384.42 -22516646.57 

3 6 5 1 6 8 5 25845.91 -22517671.55 

3 6 6 1 6 8 5 26388.28 -22517691.81 

3 7 8 1 6 8 5 26440.38 -22517721.65 

3 9 7 1 6 8 5 27540.18 -22517723.93 

3 8 8 1 6 8 5 27669.49 -22517724.96 

3 9 8 1 6 8 5 28904.54 -22517728.05 

4 8 8 1 6 8 5 29351.01 -22517734.32 

4 8 9 1 6 8 5 30649.51 -22517735.94 

5 8 8 1 6 8 5 31313.76 -22517736.93 

5 10 7 1 6 8 5 32299.29 -22517737.87 

5 8 9 1 6 8 5 32623.63 -22517738.28 
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6 9 7 1 6 8 5 33149.95 -22517738.5 

3 8 8 1 6 9 5 33786.59 -22517738.9 

5 9 9 1 6 8 5 34107.85 -22517739.55 

6 9 8 1 6 8 5 34632.96 -22517739.8 

6 9 8 1 6 8 5 34632.96 -22517739.8 

6 10 9 1 6 8 5 37703.99 -22517739.92 

6 10 9 1 6 8 5 37703.99 -22517739.92 

3 7 8 2 6 8 5 59209.04 -23159744.79 

3 7 8 2 6 8 5 59209.04 -23159744.79 

3 9 7 2 6 8 5 60227.28 -23159749.33 

4 7 8 2 6 8 5 60453.34 -23159764.93 

4 9 7 2 6 8 5 61296.83 -23159773.25 

4 8 8 2 6 8 5 61416.29 -23159774.46 

5 7 8 2 6 8 5 62039.48 -23159776.42 

5 9 7 2 6 8 5 63013.42 -23159781.66 

5 8 8 2 6 8 5 63138.67 -23159782.73 

4 9 9 2 6 8 5 63956.49 -23159783.06 

5 9 8 2 6 8 5 64386.43 -23159785.55 

6 8 8 2 6 8 5 65069.81 -23159786.09 

6 8 8 2 6 8 5 65069.81 -23159786.09 

5 10 8 2 6 8 5 65654.36 -23159787.89 

5 9 9 2 6 8 5 65801.94 -23159788.44 

5 10 9 2 6 8 5 67278.39 -23159789.89 

5 10 9 2 6 8 5 67278.39 -23159789.89 
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Appendix D: Developed Simulation and Optimization MATLAB Code 

for Thesis 

%Data Upload 
clear 

  

  
%Kingston 1105A00503 

  
grid_indensity=xlsread('pvsyst_radiation_and_temp.xls','Kingston','J3')

/1000; 
data_raw=xlsread('five datasets', '1105A00503','E2:M17521'); 

  
G_tilt=xlsread('pvsyst_radiation_and_temp.xls','Kingston','G9:G8768');      

%hourly tilted irradiation 
T_amb=xlsread('pvsyst_radiation_and_temp.xls','Kingston','H9:H8768');       

%hourly ambient temperature 

  
i=1; 
for n=1:size(data_raw,1) 
    n 
    if frac(sym(n/2))==0 
        for z=1:9; 
            data_raw_hourly(i,z)=sum(data_raw(n-1:n,z))./2; 
        end 
        i=i+1; 
    end 
end 

  
cp_water=1.16 %4.19 kilojoules per kilograms=1.15 watt hours per liter 

  
supply_temperature=data_raw_hourly(1:8760,1); 
water_draw=data_raw_hourly(1:8760,2); 
dhw_load=water_draw.*cp_water.*abs(55.-supply_temperature); %assumed to 

reach 55 degrees 
electric_load=data_raw_hourly(1:size(data_raw_hourly,1),3); 
space_cooling=-

(data_raw_hourly(1:size(data_raw_hourly,1),4)+data_raw_hourly(1:size(da

ta_raw_hourly,1),6)+data_raw_hourly(1:size(data_raw_hourly,1),8)); 
heating_load=data_raw_hourly(1:size(data_raw_hourly,1),5)+data_raw_hour

ly(1:size(data_raw_hourly,1),7)+data_raw_hourly(1:size(data_raw_hourly,

1),9); 

  
space_heating=dhw_load+heating_load; 

  

  
plot(1:8760,electric_load, 1:8760, dhw_load, 1:8760, heating_load, 

1:8760, space_cooling) 
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save kingstondatasd 

  
clear 
%Montreal 1010A00199 

  
grid_indensity=xlsread('pvsyst_radiation_and_temp.xls','Montreal','J3')

/1000; 
data_raw=xlsread('five datasets', '1010A00199','E2:M17521'); 

  
G_tilt=xlsread('pvsyst_radiation_and_temp.xls','Montreal','G3:G8762');      

%hourly tilted irradiation 
T_amb=xlsread('pvsyst_radiation_and_temp.xls','Montreal','H3:H8762');       

%hourly ambient temperature 

  
i=1; 
for n=1:size(data_raw,1) 
    n 
    if frac(sym(n/2))==0 
        for z=1:9; 
            data_raw_hourly(i,z)=sum(data_raw(n-1:n,z))./2; 
        end 
        i=i+1; 
    end 
end 

  
cp_water=1.16 %4.19 kilojoules per kilograms=1.15 watt hours per liter 

  
supply_temperature=data_raw_hourly(1:8760,1); 
water_draw=data_raw_hourly(1:8760,2); 
dhw_load=water_draw.*cp_water.*abs(55.-supply_temperature); %assumed to 

reach 55 degrees 
electric_load=data_raw_hourly(1:size(data_raw_hourly,1),3); 
space_cooling=-

(data_raw_hourly(1:size(data_raw_hourly,1),4)+data_raw_hourly(1:size(da

ta_raw_hourly,1),6)+data_raw_hourly(1:size(data_raw_hourly,1),8)); 
heating_load=data_raw_hourly(1:size(data_raw_hourly,1),5)+data_raw_hour

ly(1:size(data_raw_hourly,1),7)+data_raw_hourly(1:size(data_raw_hourly,

1),9); 

  
space_heating=dhw_load+heating_load; 

  

  
plot(1:8760,electric_load, 1:8760, dhw_load, 1:8760, heating_load, 

1:8760, space_cooling)         

  
save montrealdatasd 

  
clear 
%Vancouver 2214A00033 
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grid_indensity=xlsread('pvsyst_radiation_and_temp.xls','Vancouver','J3'

)/1000; 
data_raw=xlsread('five datasets', '2214A00033','E2:M17521'); 

  
G_tilt=xlsread('pvsyst_radiation_and_temp.xls','Vancouver','G2:G8763');      

%hourly tilted irradiation 
T_amb=xlsread('pvsyst_radiation_and_temp.xls','Vancouver','H2:H8763');       

%hourly ambient temperature 

  
i=1; 
for n=1:size(data_raw,1) 
    n 
    if frac(sym(n/2))==0 
        for z=1:9; 
            data_raw_hourly(i,z)=sum(data_raw(n-1:n,z))./2; 
        end 
        i=i+1; 
    end 
end 

  
cp_water=1.16 %4.19 kilojoules per kilograms=1.15 watt hours per liter 

  
supply_temperature=data_raw_hourly(1:8760,1); 
water_draw=data_raw_hourly(1:8760,2); 
dhw_load=water_draw.*cp_water.*abs(55.-supply_temperature); %assumed to 

reach 55 degrees 
electric_load=data_raw_hourly(1:size(data_raw_hourly,1),3); 
space_cooling=-

(data_raw_hourly(1:size(data_raw_hourly,1),4)+data_raw_hourly(1:size(da

ta_raw_hourly,1),6)+data_raw_hourly(1:size(data_raw_hourly,1),8)); 
heating_load=data_raw_hourly(1:size(data_raw_hourly,1),5)+data_raw_hour

ly(1:size(data_raw_hourly,1),7)+data_raw_hourly(1:size(data_raw_hourly,

1),9); 

  
space_heating=dhw_load+heating_load; 

  

  
plot(1:8760,electric_load, 1:8760, dhw_load, 1:8760, heating_load, 

1:8760, space_cooling) 

  
plot(1:8760,electric_load, 1:8760, dhw_load, 1:8760, heating_load, 

1:8760, space_cooling) 

         

  
save vancouverdatasd 

  
clear 
%Halifax 2402A00188 

  
grid_indensity=xlsread('pvsyst_radiation_and_temp.xls','Halifax','J3')/

1000; 
data_raw=xlsread('five datasets', '2402A00188','E2:M17521'); 
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G_tilt=xlsread('pvsyst_radiation_and_temp.xls','Halifax', 'G2:G8763');      

%hourly tilted irradiation 
T_amb=xlsread('pvsyst_radiation_and_temp.xls','Halifax', 'H2:H8763');       

%hourly ambient temperature 

  
i=1; 
for n=1:size(data_raw,1) 
    n 
    if frac(sym(n/2))==0 
        for z=1:9; 
            data_raw_hourly(i,z)=sum(data_raw(n-1:n,z))./2; 
        end 
        i=i+1; 
    end 
end 

  
cp_water=1.16 %4.19 kilojoules per kilograms=1.15 watt hours per liter 

  
supply_temperature=data_raw_hourly(1:8760,1); 
water_draw=data_raw_hourly(1:8760,2); 
dhw_load=water_draw.*cp_water.*abs(55.-supply_temperature); %assumed to 

reach 55 degrees 
electric_load=data_raw_hourly(1:size(data_raw_hourly,1),3); 
space_cooling=-

(data_raw_hourly(1:size(data_raw_hourly,1),4)+data_raw_hourly(1:size(da

ta_raw_hourly,1),6)+data_raw_hourly(1:size(data_raw_hourly,1),8)); 
heating_load=data_raw_hourly(1:size(data_raw_hourly,1),5)+data_raw_hour

ly(1:size(data_raw_hourly,1),7)+data_raw_hourly(1:size(data_raw_hourly,

1),9); 

  
space_heating=dhw_load+heating_load; 

  

  
plot(1:8760,electric_load, 1:8760, dhw_load, 1:8760, heating_load, 

1:8760, space_cooling) 

         

  
save halifaxdatasd 

  
clear 
%Edmonton 3408A00270 

  
grid_indensity=xlsread('pvsyst_radiation_and_temp.xls','Edmonton','J3')

/1000; 
data_raw=xlsread('five datasets', '3408A00270','E2:M17521'); 

  
G_tilt=xlsread('pvsyst_radiation_and_temp.xls','Edmonton', 'G2:G8763');      

%hourly tilted irradiation 
T_amb=xlsread('pvsyst_radiation_and_temp.xls','Edmonton', 'H2:H8763');       

%hourly ambient temperature 
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i=1; 
for n=1:size(data_raw,1) 
    n 
    if frac(sym(n/2))==0 
        for z=1:9; 
            data_raw_hourly(i,z)=sum(data_raw(n-1:n,z))./2; 
        end 
        i=i+1; 
    end 
end 

  
cp_water=1.16 %4.19 kilojoules per kilograms=1.15 watt hours per liter 

  
supply_temperature=data_raw_hourly(1:8760,1); 
water_draw=data_raw_hourly(1:8760,2); 
dhw_load=water_draw.*cp_water.*abs(55.-supply_temperature); %assumed to 

reach 55 degrees 
electric_load=data_raw_hourly(1:size(data_raw_hourly,1),3); 
space_cooling=-

(data_raw_hourly(1:size(data_raw_hourly,1),4)+data_raw_hourly(1:size(da

ta_raw_hourly,1),6)+data_raw_hourly(1:size(data_raw_hourly,1),8)); 
heating_load=data_raw_hourly(1:size(data_raw_hourly,1),5)+data_raw_hour

ly(1:size(data_raw_hourly,1),7)+data_raw_hourly(1:size(data_raw_hourly,

1),9); 

  
space_heating=dhw_load+heating_load; 

  

  
plot(1:8760,electric_load, 1:8760, dhw_load, 1:8760, heating_load, 

1:8760, space_cooling) 

         

  
save edmontondatasd 

  

  
%DR Houses 

  
%Kingston DR 

  
grid_indensity=xlsread('pvsyst_radiation_and_temp.xls','Kingston','J3')

/1000; 
data_raw=xlsread('five datasets', 'Kingston DR','E2:M17521'); 

  
G_tilt=xlsread('pvsyst_radiation_and_temp.xls','Kingston','G9:G8768');      

%hourly tilted irradiation 
T_amb=xlsread('pvsyst_radiation_and_temp.xls','Kingston','H9:H8768');       

%hourly ambient temperature 

  
i=1; 
for n=1:size(data_raw,1) 
    n 
    if frac(sym(n/2))==0 



200 

 

        for z=1:9; 
            data_raw_hourly(i,z)=sum(data_raw(n-1:n,z))./2; 
        end 
        i=i+1; 
    end 
end 

  
cp_water=1.16 %4.19 kilojoules per kilograms=1.15 watt hours per liter 

  
supply_temperature=data_raw_hourly(1:8760,1); 
water_draw=data_raw_hourly(1:8760,2); 
dhw_load=water_draw.*cp_water.*abs(55.-supply_temperature); %assumed to 

reach 55 degrees 
electric_load=data_raw_hourly(1:size(data_raw_hourly,1),3); 
space_cooling=-

(data_raw_hourly(1:size(data_raw_hourly,1),4)+data_raw_hourly(1:size(da

ta_raw_hourly,1),6)+data_raw_hourly(1:size(data_raw_hourly,1),8)); 
heating_load=data_raw_hourly(1:size(data_raw_hourly,1),5)+data_raw_hour

ly(1:size(data_raw_hourly,1),7)+data_raw_hourly(1:size(data_raw_hourly,

1),9); 

  
space_heating=dhw_load+heating_load; 

  

  
plot(1:8760,electric_load, 1:8760, dhw_load, 1:8760, heating_load, 

1:8760, space_cooling) 

         

  
save kingstondatadr 

  
clear 
%Montreal DR 

  
grid_indensity=xlsread('pvsyst_radiation_and_temp.xls','Montreal','J3')

/1000; 
data_raw=xlsread('five datasets', 'Montreal DR','E2:M17521'); 

  
G_tilt=xlsread('pvsyst_radiation_and_temp.xls','Montreal','G3:G8762');      

%hourly tilted irradiation 
T_amb=xlsread('pvsyst_radiation_and_temp.xls','Montreal','H3:H8762');       

%hourly ambient temperature 

  
i=1; 
for n=1:size(data_raw,1) 
    n 
    if frac(sym(n/2))==0 
        for z=1:9; 
            data_raw_hourly(i,z)=sum(data_raw(n-1:n,z))./2; 
        end 
        i=i+1; 
    end 
end 



201 

 

  
cp_water=1.16 %4.19 kilojoules per kilograms=1.15 watt hours per liter 

  
supply_temperature=data_raw_hourly(1:8760,1); 
water_draw=data_raw_hourly(1:8760,2); 
dhw_load=water_draw.*cp_water.*abs(55.-supply_temperature); %assumed to 

reach 55 degrees 
electric_load=data_raw_hourly(1:size(data_raw_hourly,1),3); 
space_cooling=-

(data_raw_hourly(1:size(data_raw_hourly,1),4)+data_raw_hourly(1:size(da

ta_raw_hourly,1),6)+data_raw_hourly(1:size(data_raw_hourly,1),8)); 
heating_load=data_raw_hourly(1:size(data_raw_hourly,1),5)+data_raw_hour

ly(1:size(data_raw_hourly,1),7)+data_raw_hourly(1:size(data_raw_hourly,

1),9); 

  
space_heating=dhw_load+heating_load; 

  

  
plot(1:8760,electric_load, 1:8760, dhw_load, 1:8760, heating_load, 

1:8760, space_cooling)         

  
save montrealdatadr 

  
clear 
%Vancouver DR 

  
grid_indensity=xlsread('pvsyst_radiation_and_temp.xls','Vancouver','J3'

)/1000; 
data_raw=xlsread('five datasets', 'Vancouver DR','E2:M17521'); 

  
G_tilt=xlsread('pvsyst_radiation_and_temp.xls','Vancouver','G2:G8763');      

%hourly tilted irradiation 
T_amb=xlsread('pvsyst_radiation_and_temp.xls','Vancouver','H2:H8763');       

%hourly ambient temperature 

  
i=1; 
for n=1:size(data_raw,1) 
    n 
    if frac(sym(n/2))==0 
        for z=1:9; 
            data_raw_hourly(i,z)=sum(data_raw(n-1:n,z))./2; 
        end 
        i=i+1; 
    end 
end 

  
cp_water=1.16 %4.19 kilojoules per kilograms=1.15 watt hours per liter 

  
supply_temperature=data_raw_hourly(1:8760,1); 
water_draw=data_raw_hourly(1:8760,2); 
dhw_load=water_draw.*cp_water.*abs(55.-supply_temperature); %assumed to 

reach 55 degrees 
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electric_load=data_raw_hourly(1:size(data_raw_hourly,1),3); 
space_cooling=-

(data_raw_hourly(1:size(data_raw_hourly,1),4)+data_raw_hourly(1:size(da

ta_raw_hourly,1),6)+data_raw_hourly(1:size(data_raw_hourly,1),8)); 
heating_load=data_raw_hourly(1:size(data_raw_hourly,1),5)+data_raw_hour

ly(1:size(data_raw_hourly,1),7)+data_raw_hourly(1:size(data_raw_hourly,

1),9); 

  
space_heating=dhw_load+heating_load; 

  

  
plot(1:8760,electric_load, 1:8760, dhw_load, 1:8760, heating_load, 

1:8760, space_cooling) 

  
plot(1:8760,electric_load, 1:8760, dhw_load, 1:8760, heating_load, 

1:8760, space_cooling) 

         

  
save vancouverdatadr 

  
clear 
%Halifax DR 

  
grid_indensity=xlsread('pvsyst_radiation_and_temp.xls','Halifax','J3')/

1000; 
data_raw=xlsread('five datasets', 'Halifax DR','E2:M17521'); 

  
G_tilt=xlsread('pvsyst_radiation_and_temp.xls','Halifax', 'G2:G8763');      

%hourly tilted irradiation 
T_amb=xlsread('pvsyst_radiation_and_temp.xls','Halifax', 'H2:H8763');       

%hourly ambient temperature 

  
i=1; 
for n=1:size(data_raw,1) 
    n 
    if frac(sym(n/2))==0 
        for z=1:9; 
            data_raw_hourly(i,z)=sum(data_raw(n-1:n,z))./2; 
        end 
        i=i+1; 
    end 
end 

  
cp_water=1.16 %4.19 kilojoules per kilograms=1.15 watt hours per liter 

  
supply_temperature=data_raw_hourly(1:8760,1); 
water_draw=data_raw_hourly(1:8760,2); 
dhw_load=water_draw.*cp_water.*abs(55.-supply_temperature); %assumed to 

reach 55 degrees 
electric_load=data_raw_hourly(1:size(data_raw_hourly,1),3); 
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space_cooling=-

(data_raw_hourly(1:size(data_raw_hourly,1),4)+data_raw_hourly(1:size(da

ta_raw_hourly,1),6)+data_raw_hourly(1:size(data_raw_hourly,1),8)); 
heating_load=data_raw_hourly(1:size(data_raw_hourly,1),5)+data_raw_hour

ly(1:size(data_raw_hourly,1),7)+data_raw_hourly(1:size(data_raw_hourly,

1),9); 

  
space_heating=dhw_load+heating_load; 

  

  
plot(1:8760,electric_load, 1:8760, dhw_load, 1:8760, heating_load, 

1:8760, space_cooling) 

         

  
save halifaxdatadr 

  
clear 
%Calgary DR 

  
grid_indensity=xlsread('pvsyst_radiation_and_temp.xls','Edmonton','J3')

/1000; 
data_raw=xlsread('five datasets', 'Calgary DR','E2:M17521'); 

  
G_tilt=xlsread('pvsyst_radiation_and_temp.xls','Edmonton', 'G2:G8763');      

%hourly tilted irradiation 
T_amb=xlsread('pvsyst_radiation_and_temp.xls','Edmonton', 'H2:H8763');       

%hourly ambient temperature 

  
i=1; 
for n=1:size(data_raw,1) 
    n 
    if frac(sym(n/2))==0 
        for z=1:9; 
            data_raw_hourly(i,z)=sum(data_raw(n-1:n,z))./2; 
        end 
        i=i+1; 
    end 
end 

  
cp_water=1.16 %4.19 kilojoules per kilograms=1.15 watt hours per liter 

  
supply_temperature=data_raw_hourly(1:8760,1); 
water_draw=data_raw_hourly(1:8760,2); 
dhw_load=water_draw.*cp_water.*abs(55.-supply_temperature); %assumed to 

reach 55 degrees 
electric_load=data_raw_hourly(1:size(data_raw_hourly,1),3); 
space_cooling=-

(data_raw_hourly(1:size(data_raw_hourly,1),4)+data_raw_hourly(1:size(da

ta_raw_hourly,1),6)+data_raw_hourly(1:size(data_raw_hourly,1),8)); 
heating_load=data_raw_hourly(1:size(data_raw_hourly,1),5)+data_raw_hour

ly(1:size(data_raw_hourly,1),7)+data_raw_hourly(1:size(data_raw_hourly,

1),9); 
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space_heating=dhw_load+heating_load; 

  

  
plot(1:8760,electric_load, 1:8760, dhw_load, 1:8760, heating_load, 

1:8760, space_cooling) 

         

  
save calgarydatadr 

 

 

%Optimization master version: Data should be uploaded beforehand 

  
%define function 
function objective=optimmasterversion(x) 

  

  

  
path(path,'C:\Users\PrinceVictory\Desktop\Amir modelling b'); 

  
load kingstondatasd 

  
x 

  
x_pv_parallel=ceil(x(1)); 
x_batt_parallel=ceil(x(2)); 
x_batt_series=ceil(x(3)); 
x_chp_parallel=ceil(x(4)); 
x_chp_nom_j=ceil(x(5)); 
x_pv_nom_j=ceil(x(6)); 
x_batt_nom_j=ceil(x(7)); 

  

  
V_ac=220;    %define load voltage (110-240V) 
I_ac_load=electric_load./V_ac;     %define load current (Amps) 

  

  
% penalty and benefit weights 

  
unitcost_el=0.10; 
unitcost_th=0.10; 
w_el=1; 
w_cool=1; 
w_sh=1; 
w_dhw=1; 

  
%fuel correction factor 
corrfactor=1.25; 
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load technologies 

  
%define pv characteristics (BP Solar BP270L) 

  
V_pv_mpp=pv_database(x_pv_nom_j,1);                 %panel mpp voltage 

Volts 
V_pv_oc=pv_database(x_pv_nom_j,2);                  %open circuit 

voltage Volts 
I_pv_sc=pv_database(x_pv_nom_j,3);                  %panel short 

circuit current Amps 
I_pv_mpp=pv_database(x_pv_nom_j,4);                 %mpp current Amps 
alpha_pv=pv_database(x_pv_nom_j,5);                 %current change 

temperature coefficient at reference insolation Amps/C 
beta_pv=pv_database(x_pv_nom_j,6);                  %voltage change 

temperature coefficient at reference insolation Volts/C 
G_ref=1000;                                         %reference 

radiation W/m^2 
T_pv_ref=25;                                        %panel reference 

temperature C 
r_s_pv=pv_database(x_pv_nom_j,7);                   %module series 

resistance 
n_pv_series=round(V_ac/V_pv_mpp);                   %calculate number 

of panels in series 
c2=(V_pv_mpp/V_pv_oc-1)/log(1-I_pv_mpp/I_pv_sc); 
c1=(1-I_pv_mpp/I_pv_sc)*exp(-V_pv_mpp/(c2*V_pv_oc)); 

  

  
%define battery constants and initial values 
SOC_j=zeros(1,8760);SOC_bank=zeros(1,8760);ch=zeros(1,8760);I_batt_bank

=zeros(1,8760); 
V_batt_j=batt_database(x_batt_nom_j,1); 
SOC_min=.2*batt_database(x_batt_nom_j,2);    %has to be in amphours 
SOC_max=0.98*batt_database(x_batt_nom_j,2); 
SOC_j(1)=SOC_max; 
V_batt_bank=x_batt_series*V_batt_j; 
SOC_bank(1)=SOC_j(1)*x_batt_series*x_batt_parallel; 
ch(1)=1; 

  
%inverter, charge controller, battery charger efficiency, and 

absoprtion 
%chiller coefficient of performance 
eta_inv=0.9; 
eta_charger=0.98; 
eta_battcharge=0.98; 
COP_abschill=0.9; 

  
%define matrix sizes 
excess_Q=ones(1,8760)-1; 
excess_P=ones(1,8760)-1; 
fail_Q=ones(1,8760)-1; 
fail_P=ones(1,8760)-1; 
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sigma=.025/(730*3); 

  

  

  

  
for i=1:1:8760 

   

     
 %Calculate PV component characteristics 
delta_T_pv(i)=T_amb(i)+0.02*G_tilt(i)-T_pv_ref; 
V_pv(i)=V_pv_mpp*(1+0.0539*log10(G_tilt(i)./G_ref))+beta_pv*delta_T_pv(

i); 
delta_I_pv(i)=alpha_pv*(G_tilt(i)./G_ref).*delta_T_pv(i)+(G_tilt(i)./G_

ref-1).*I_pv_sc; 
delta_V_pv(i)=-beta_pv*delta_T_pv(i)-r_s_pv*delta_I_pv(i); 
I_pv(i)=I_pv_sc*(1-c1*exp((V_pv(i)-delta_V_pv(i))./(c2*V_pv_oc)-

1))+delta_I_pv(i);    %calculate single panel current output 
if I_pv(i)<I_pv_sc*0.05 
    I_pv(i)=0; 
elseif I_pv(i)>I_pv_sc 
    I_pv(i)=I_pv_sc; 
end 

  
I_pv_array(i)=I_pv(i)*x_pv_parallel;    %calculate array current output 
P_pv_array(i)=V_pv_mpp*I_pv(i)*x_pv_parallel*n_pv_series;  %calculate 

array power output 

  
%determine maximum battery charge and discharge current 
if SOC_j(i)<0.85*SOC_max 
    I_charge_max_j(i)=SOC_max/5; 
else 
    I_charge_max_j(i)=SOC_max/10; 
end 

  
I_discharge_max_j(i)=SOC_max/20; 

  
%set initial value of chp partial load variable to zero 

  
x_chp_part_j(i)=0; 
P_chp_array(i)=x_chp_parallel*x_chp_part_j(i).*chp_database(x_chp_nom_j

,1); 
Q_chp_array(i)=x_chp_parallel*x_chp_part_j(i).*chp_database(x_chp_nom_j

,2);  
I_chp_array(i)=P_chp_array(i)./V_ac;   

  
%1 determine if PV output is in excess of load 
%1a) if equal, then do nothing and go to thermal load 
%1b) if in excess, and SOC less than SOC_max, charge battery. otherwise 

do 
%nothing 
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if eta_inv*eta_charger*I_pv_array(i)-I_ac_load(i)>0.00001 
    if SOC_j(i)<SOC_max 
        ch(i)=1; 
        eta_batt(i)=(0.85-0.65)/(SOC_max-SOC_min)*SOC_j(i)+0.65-(0.85-

0.65)/(SOC_max-SOC_min)*SOC_min; 
        I_batt_bank_possible(i)=(1-

2*ch(i)).*max(0,min(ch(i).*I_charge_max_j(i)+(1-

ch(i)).*I_discharge_max_j(i),ch(i).*... 
        (SOC_max-SOC_j(i))+(1-ch(i)).*(SOC_j(i)-

SOC_min))).*x_batt_parallel; 
        

x_batt_part(i)=min(1,abs(eta_charger*V_ac/V_batt_bank*(I_ac_load(i)-

eta_inv*eta_charger*I_pv_array(i))/I_batt_bank_possible(i))); 
        I_batt_bank(i)=x_batt_part(i).*I_batt_bank_possible(i); 
        I_batt_j(i)=I_batt_bank(i)./x_batt_parallel; 
        SOC_j(i+1)=-I_batt_j(i).*eta_batt(i)+SOC_j(i).*(1-sigma); 
        SOC_bank(i+1)=SOC_j(i+1).*x_batt_series*x_batt_parallel; 

  
    else 
        ch(i)=0; 
        eta_batt(i)=1; 
        x_batt_part(i)=0; 
        I_batt_bank_possible(i)=(1-

2*ch(i)).*max(0,min(ch(i).*I_charge_max_j(i)+(1-

ch(i)).*I_discharge_max_j(i),ch(i).*... 
        (SOC_max-SOC_j(i))+(1-ch(i)).*(SOC_j(i)-

SOC_min))).*x_batt_parallel; 
        I_batt_bank(i)=x_batt_part(i).*I_batt_bank_possible(i); 
        I_batt_j(i)=I_batt_bank(i)./x_batt_parallel; 
        SOC_j(i+1)=-I_batt_j(i).*eta_batt(i)+SOC_j(i).*(1-sigma); 
        SOC_bank(i+1)=SOC_j(i+1).*x_batt_parallel; 

         
    end 

  
%1c) pv cannot meet load, therefore go to step 2 

  
%2) 
elseif eta_inv*eta_charger*I_pv_array(i)-I_ac_load(i)<-0.00001 
        %2a) if battery can, use battery to supplement 
        if SOC_j(i)>SOC_min 
            ch(i)=0; 
            eta_batt(i)=1; 
            I_batt_bank_possible(i)=(1-

2*ch(i)).*max(0,min(ch(i).*I_charge_max_j(i)+(1-

ch(i)).*I_discharge_max_j(i),ch(i).*... 
            (SOC_max-SOC_j(i))+(1-ch(i)).*(SOC_j(i)-

SOC_min))).*x_batt_parallel; 
            

x_batt_part(i)=min(1,abs(V_ac/V_batt_bank*(I_ac_load(i)./eta_inv/eta_ch

arger-I_pv_array(i))/I_batt_bank_possible(i))); 
            I_batt_bank(i)=x_batt_part(i).*I_batt_bank_possible(i); 
            I_batt_j(i)=I_batt_bank(i)./x_batt_parallel; 
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            SOC_j(i+1)=-I_batt_j(i).*eta_batt(i)+SOC_j(i).*(1-sigma); 
            SOC_bank(i+1)=SOC_j(i+1).*x_batt_series*x_batt_parallel; 

           
            %2aii) 

             
            if 

eta_inv*eta_charger*(I_pv_array(i)+V_batt_bank/V_ac*I_batt_bank(i))-

I_ac_load(i)<-0.00001  
                %step 3) 
                ch(i)=0; 
                eta_batt(i)=1; 
                x_batt_part(i)=0; 
                I_batt_bank_possible(i)=(1-

2*ch(i)).*max(0,min(ch(i).*I_charge_max_j(i)+(1-

ch(i)).*I_discharge_max_j(i),ch(i).*... 
                (SOC_max-SOC_j(i))+(1-ch(i)).*(SOC_j(i)-

SOC_min))).*x_batt_parallel; 
                I_batt_bank(i)=x_batt_part(i).*I_batt_bank_possible(i); 
                I_batt_j(i)=I_batt_bank(i)./x_batt_parallel; 
                SOC_j(i+1)=-I_batt_j(i).*eta_batt(i)+SOC_j(i).*(1-

sigma); 
                

SOC_bank(i+1)=SOC_j(i+1).*x_batt_series*x_batt_parallel; 
                

x_chp_part_j(i)=max(0.5,min(1,(I_ac_load(i)+eta_battcharge*eta_charger*

V_ac/V_batt_bank*(SOC_max-SOC_j(i))*x_batt_parallel-

eta_inv*eta_charger*I_pv_array(i)).*V_ac/x_chp_parallel/chp_database(x_

chp_nom_j,1))); 
                

P_chp_array(i)=x_chp_parallel*x_chp_part_j(i).*chp_database(x_chp_nom_j

,1); 
                

Q_chp_array(i)=x_chp_parallel*x_chp_part_j(i).*chp_database(x_chp_nom_j

,2);  
                I_chp_array(i)=P_chp_array(i)./V_ac; 

                 

  
                    %3a) chp can match, everything is just dandy and go 

to step 4 
                    %3b) chp can match and more, and should charge 

battery or dump 
                    if 

eta_inv*eta_charger*I_pv_array(i)+I_chp_array(i)-I_ac_load(i)>0.00001 

&& SOC_j(i)<SOC_max 
                        ch(i)=1; 
                        eta_batt(i)=(0.85-0.65)/(SOC_max-

SOC_min)*SOC_j(i)+0.65-(0.85-0.65)/(SOC_max-SOC_min)*SOC_min; 
                        I_batt_bank_possible(i)=(1-

2*ch(i)).*max(0,min(ch(i).*I_charge_max_j(i)+(1-

ch(i)).*I_discharge_max_j(i),ch(i).*... 
                        (SOC_max-SOC_j(i))+(1-ch(i)).*(SOC_j(i)-

SOC_min))).*x_batt_parallel; 
                        

x_batt_part(i)=min(1,abs(eta_charger*eta_battcharge*(I_chp_array(i)-
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I_ac_load(i)+eta_inv*eta_charger*I_pv_array(i))/I_batt_bank_possible(i)

)); 
                        

I_batt_bank(i)=x_batt_part(i).*I_batt_bank_possible(i); 
                        I_batt_j(i)=I_batt_bank(i)./x_batt_parallel; 
                        SOC_j(i+1)=-

I_batt_j(i).*eta_batt(i)+SOC_j(i).*(1-sigma); 
                        

SOC_bank(i+1)=SOC_j(i+1).*x_batt_series*x_batt_parallel; 

                         
                    %3c) chp can't match, and should use battery 
                    elseif 

eta_inv*eta_charger*I_pv_array(i)+I_chp_array(i)-I_ac_load(i)<-0.00001 

&& SOC_j(i)>SOC_min 
                        ch(i)=0; 
                        eta_batt(i)=1; 
                        I_batt_bank_possible(i)=(1-

2*ch(i)).*max(0,min(ch(i).*I_charge_max_j(i)+(1-

ch(i)).*I_discharge_max_j(i),ch(i).*... 
                        (SOC_max-SOC_j(i))+(1-ch(i)).*(SOC_j(i)-

SOC_min))).*x_batt_parallel; 
                        

x_batt_part(i)=min(1,abs(V_ac/V_batt_bank*((I_ac_load(i)-

I_chp_array(i))./eta_inv/eta_charger-

I_pv_array(i))/I_batt_bank_possible(i))); 
                        

I_batt_bank(i)=x_batt_part(i).*I_batt_bank_possible(i); 
                        I_batt_j(i)=I_batt_bank(i)./x_batt_parallel; 
                        SOC_j(i+1)=-

I_batt_j(i).*eta_batt(i)+SOC_j(i).*(1-sigma); 
                        

SOC_bank(i+1)=SOC_j(i+1).*x_batt_series*x_batt_parallel; 

                         
                    end 

                         
            end 

                 

  

             
        %2b) if battery can't, go to chp 
        elseif SOC_j(i)<=SOC_min 
            ch(i)=0; 
            eta_batt(i)=1; 
            I_batt_bank_possible(i)=(1-

2*ch(i)).*max(0,min(ch(i).*I_charge_max_j(i)+(1-

ch(i)).*I_discharge_max_j(i),ch(i).*... 
            (SOC_max-SOC_j(i))+(1-ch(i)).*(SOC_j(i)-

SOC_min))).*x_batt_parallel; 
            x_batt_part(i)=0; 
            I_batt_bank(i)=x_batt_part(i).*I_batt_bank_possible(i); 
            I_batt_j(i)=I_batt_bank(i)./x_batt_parallel; 
            SOC_j(i+1)=-I_batt_j(i).*eta_batt(i)+SOC_j(i).*(1-sigma); 
            SOC_bank(i+1)=SOC_j(i+1).*x_batt_series*x_batt_parallel; 



210 

 

            

x_chp_part_j(i)=max(0.5,min(1,(I_ac_load(i)+eta_battcharge*eta_charger*

V_batt_bank/V_ac*(SOC_max-SOC_j(i))*x_batt_parallel-

eta_inv*eta_charger*I_pv_array(i)).*V_ac/x_chp_parallel/chp_database(x_

chp_nom_j,1))); 
            

P_chp_array(i)=x_chp_parallel*x_chp_part_j(i).*chp_database(x_chp_nom_j

,1); 
            

Q_chp_array(i)=x_chp_parallel*x_chp_part_j(i).*chp_database(x_chp_nom_j

,2);  
            I_chp_array(i)=P_chp_array(i)./V_ac; 

             

             
            %2bi) if load is not met, then that's bad! go to step 4 
            %2bii) If load is in equal or in excess then give to 

battery or 
            %dump 
            if eta_inv*eta_charger*I_pv_array(i)+I_chp_array(i)-

I_ac_load(i)<0 
                fail_P(i)=1; 
                %penalize!!! note: this is redundant by now, but im too 
                %scared to touch the structure so deep into the code 

logic 
                %here. this will be rewritten lower in the loop 
            elseif eta_inv*eta_charger*I_pv_array(i)+I_chp_array(i)-

I_ac_load(i)>0 
                ch(i)=1; 
                eta_batt(i)=(0.85-0.65)/(SOC_max-

SOC_min)*SOC_j(i)+0.65-(0.85-0.65)/(SOC_max-SOC_min)*SOC_min; 
                I_batt_bank_possible(i)=(1-

2*ch(i)).*max(0,min(ch(i).*I_charge_max_j(i)+(1-

ch(i)).*I_discharge_max_j(i),ch(i).*... 
                (SOC_max-SOC_j(i))+(1-ch(i)).*(SOC_j(i)-

SOC_min))).*x_batt_parallel; 
                

x_batt_part(i)=min(1,abs(eta_charger*eta_battcharge*(I_chp_array(i)-

I_ac_load(i)+eta_inv*eta_charger*I_pv_array(i))/I_batt_bank_possible(i)

)); 
                I_batt_bank(i)=x_batt_part(i).*I_batt_bank_possible(i); 
                I_batt_j(i)=I_batt_bank(i)./x_batt_parallel; 
                SOC_j(i+1)=-I_batt_j(i).*eta_batt(i)+SOC_j(i).*(1-

sigma); 
                

SOC_bank(i+1)=SOC_j(i+1).*x_batt_series*x_batt_parallel; 

                 
            end 

                 

                 
        end 

         
else       
ch(i)=0; 
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eta_batt(i)=1; 
I_batt_bank_possible(i)=(1-

2*ch(i)).*max(0,min(ch(i).*I_charge_max_j(i)+(1-

ch(i)).*I_discharge_max_j(i),ch(i).*... 
(SOC_max-SOC_j(i))+(1-ch(i)).*(SOC_j(i)-SOC_min))).*x_batt_parallel; 
x_batt_part(i)=0; 
I_batt_bank(i)=x_batt_part(i).*I_batt_bank_possible(i); 
I_batt_j(i)=I_batt_bank(i)./x_batt_parallel; 
SOC_j(i+1)=-I_batt_j(i).*eta_batt(i)+SOC_j(i).*(1-sigma); 
SOC_bank(i+1)=SOC_j(i+1).*x_batt_series*x_batt_parallel; 

  
end 

  
%step 4 

  

  
%4a)if thermal load is met, everything is fine 
%4b) if thermal load is not met, jack up x_chp if possible  
if space_heating(i)+space_cooling(i)*COP_abschill-Q_chp_array(i)>0.0001 
    if x_chp_part_j(i)<1 
        

x_chp_part_j(i)=max(0.5,min(1,(space_heating(i)+space_cooling(i)./COP_a

bschill)./x_chp_parallel/chp_database(x_chp_nom_j,2))); 
        

P_chp_array(i)=x_chp_parallel*x_chp_part_j(i).*chp_database(x_chp_nom_j

,1); 
        

Q_chp_array(i)=x_chp_parallel*x_chp_part_j(i).*chp_database(x_chp_nom_j

,2);  
        I_chp_array(i)=P_chp_array(i)./V_ac; 
        %4bi)try to charge battery if already charging 
        if ch(i)==1 && SOC_j(i)<SOC_max && x_batt_part(i)<1 
            I_batt_bank_possible(i)=(1-

2*ch(i)).*max(0,min(ch(i).*I_charge_max_j(i)+(1-

ch(i)).*I_discharge_max_j(i),ch(i).*... 
            (SOC_max-SOC_j(i))+(1-ch(i)).*(SOC_j(i)-

SOC_min))).*x_batt_parallel; 
            

x_batt_part(i)=max(1,V_ac/V_batt_bank*(I_chp_array(i)+I_pv_array(i).*et

a_inv*eta_charger-

I_ac_load(i))./(I_batt_bank_possible(i).*eta_charger*eta_battcharge)); 
            I_batt_bank(i)=x_batt_part(i).*I_batt_bank_possible(i); 
            I_batt_j(i)=I_batt_bank(i)./x_batt_parallel; 
            SOC_j(i+1)=-I_batt_j(i).*eta_batt(i)+SOC_j(i).*(1-sigma); 
            SOC_bank(i+1)=SOC_j(i+1).*x_batt_series*x_batt_parallel;             
        %4bii) if batt is discharging already, just dump excess current 
        end 
    end 
end 

  

  
%battery charge or discharge 
P_batt_bank(i)=V_batt_bank*I_batt_bank(i); 
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    if P_batt_bank(i)>=0 
        P_batt_bank_disch(i)=P_batt_bank(i); 
    else 
        P_batt_bank_ch(i)=-P_batt_bank(i); 
    end 

  
%fail and excess energy 
fail_Q(i)=max(0,space_heating(i)+space_cooling(i)*COP_abschill-

Q_chp_array(i)); 
excess_Q(i)=max(0,-(space_heating(i)+space_cooling(i)*COP_abschill-

Q_chp_array(i))); 
if ch(i)==0 
    fail_P(i)=V_ac.*max(0,-

(eta_inv*eta_charger*(I_pv_array(i)+I_batt_bank(i))+I_chp_array(i)-

I_ac_load(i))); 
    

excess_P(i)=V_ac.*max(0,eta_inv*eta_charger*(I_pv_array(i)+I_batt_bank(

i))+I_chp_array(i)-I_ac_load(i)); 
elseif ch(i)==1 
    fail_P(i)=V_ac.*max(0,-

(eta_inv*eta_charger*I_pv_array(i)+I_chp_array(i)+eta_charger*eta_battc

harge*0-I_ac_load(i))); 
    

excess_P(i)=V_ac.*max(0,eta_inv*eta_charger*I_pv_array(i)+I_chp_array(i

)+eta_charger*eta_battcharge*0-I_ac_load(i)); 
end 

  
%determine fuel correction factor 

  
if i>1 && P_chp_array(i-1)==0 
    fuelcorrection(i)=corrfactor*P_chp_array(i); 
else 
    fuelcorrection(i)=P_chp_array(i); 
end 

  
%determine electric/thermal fail criteria for PB function 
if fail_P(i)>0 
    f_el(i)=1; 
else  
    f_el(i)=0; 
end 

  
if fail_Q(i)>0 
    f_th(i)=1; 
else 
    f_th(i)=0; 
end 

  
%legitimate PB function produced energy 
if fail_Q(i)>=0 
    legit_Q(i)=dhw_load(i)+space_heating(i)-fail_Q(i); 
end 
if excess_Q(i)>0 
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    legit_Q(i)=dhw_load(i)+space_heating(i); 
end 
if fail_P(i)>=0 
    legit_P(i)=electric_load(i)-fail_P(i); 
end 
if excess_P(i)>0 
    legit_P(i)=electric_load(i); 
end 

     

  

  

  
end 

  

  
%penalty benefit function 

  
pbfunction=((1-f_el).*unitcost_el./1000.*electric_load'+(1-

f_th).*unitcost_th./1000.*(dhw_load+space_heating)'... 
    -

(f_el.*unitcost_el./1000.*fail_P.*w_el+f_th.*unitcost_th./1000.*fail_Q)

); 

  
%Costs 

  
costs 

  

  
%F1 

  
objective(1)=ICCpv+DOCpv+RCpv+ICCchp+DOCchp+RCchp+ICCbatt+RCbatt-

sum(pbfunction)*D1 

  

  

  
%F2 
objective(2)=(chp_database(x_chp_nom_j,4)*1000+298/1000*chp_database(x_

chp_nom_j,3))*sum(P_chp_array)+grid_indensity*(sum(fail_P)-

sum(legit_P)+sum(fail_Q)-sum(legit_Q)) 

  
%Costs 

  

  
%Discount factor 

  
n=20;        %system lifetime 
d=0.03;    %interest or discount rate 
D1= ((1+d)^n-1)/(d*(1+d)^n); 
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%PV 
npv=25          ;   %pv lifetime 
FMpv=pv_database(x_pv_nom_j,9)   ;       %fixed maintenance costs ($/W) 
ICCpv=x_pv_parallel*n_pv_series*pv_database(x_pv_nom_j,10)*pv_database(

x_pv_nom_j,8);    %Initial Capital Cost ($/W) 
DOCpv=x_pv_parallel*n_pv_series*pv_database(x_pv_nom_j,10)*FMpv*D1        

;             %Discounted operation costs 
RCpv=0;                                                                                 

%Replacement costs 
for z=1:n 
    if frac(sym(z/npv))==0 
        RCpv=RCpv+ICCpv/(1+d)^n; 
    end 
end 

  

  
%CHP 
nchp=chp_database(x_chp_nom_j,7);                 %CHP lifetime 
INSTchp=0.1; 
FMchp=chp_database(x_chp_nom_j,9)/1000; 
VMchp=chp_database(x_chp_nom_j,10)/1000; 
ICCchp=x_chp_parallel*(1+INSTchp)*chp_database(x_chp_nom_j,8); 
psi=chp_database(x_chp_nom_j,6) ;      %unit price of fuel ($/Wh) 
fuelrate=chp_database(x_chp_nom_j,5) ;        %fuel rate consumption 

(Wfuel/We) 
yearfuel=fuelrate*sum(fuelcorrection);             %Wh fuel 
yearfuelcost=psi*yearfuel;           
DOCchp=(x_chp_parallel*chp_database(x_chp_nom_j,1)*FMchp+sum(fuelcorrec

tion)*VMchp+yearfuelcost)*D1; 

  
RCchp=0; 
for z=1:n 
    if frac(sym(z/nchp))==0 
        RCchp=RCchp+ICCchp/(1+d)^n; 
    end 
end 

  
%Batteries 

  
nbatt=ceil(x_batt_series*x_batt_parallel*batt_database(x_batt_nom_j,3)/

sum(P_batt_bank_disch)); 
INSTbatt=0.1; 
FMbatt=0; 
VMbatt=batt_database(x_batt_nom_j,6); 
ICCbatt=x_batt_parallel*x_batt_series*batt_database(x_batt_nom_j,4)*(1+

INSTbatt); 
DOCbatt=(FMbatt+x_batt_parallel*x_batt_series*batt_database(x_batt_nom_

j,2)*VMbatt)*D1; 

  
RCbatt=0; 
for z=1:n 



215 

 

    if frac(sym(z/nbatt))==0 
        RCbatt=RCbatt+(ICCbatt+batt_database(x_batt_nom_j,7))/(1+d)^n; 
    end 

     
end 

  
% Nonessential Indicators 

  
%Performance Index 

  
PI_os=(sum(P_pv_array)+sum(P_chp_array)+sum(P_batt_bank_disch)+sum(Q_ch

p_array))/(sum(electric_load)+sum(dhw_load)+sum(heating_load)+sum(space

_cooling)) 
PI_el=(sum(P_pv_array)+sum(P_chp_array)+sum(P_batt_bank_disch))/(sum(el

ectric_load)) 
PI_pv=sum(P_pv_array)/sum(electric_load) 
PI_batt=sum(P_batt_bank_disch)/sum(electric_load) 
PI_chp_el=sum(P_chp_array)/sum(electric_load) 
PI_chp_th=sum(Q_chp_array)/(sum(dhw_load)+sum(space_cooling)+sum(heatin

g_load)) 

  
%Normalized Power Supply Index 

  
NP_os=(sum(P_pv_array)+sum(P_chp_array)+sum(P_batt_bank_disch)+sum(Q_ch

p_array))/(x_pv_parallel*n_pv_series*pv_database(x_pv_nom_j,10)+x_chp_p

arallel*(chp_database(x_chp_nom_j,1)+chp_database(x_chp_nom_j,2))... 
    

+x_batt_parallel*x_batt_series*batt_database(x_batt_nom_j,1)*batt_datab

ase(x_batt_nom_j,2)) 
NP_el=(sum(P_pv_array)+sum(P_chp_array)+sum(P_batt_bank_disch)/(x_pv_pa

rallel*n_pv_series*pv_database(x_pv_nom_j,10)+x_chp_parallel*(chp_datab

ase(x_chp_nom_j,1))... 
    

+x_batt_parallel*x_batt_series*batt_database(x_batt_nom_j,1)*batt_datab

ase(x_batt_nom_j,2))) 
NP_pv=sum(P_pv_array)/(x_pv_parallel*n_pv_series*pv_database(x_pv_nom_j

,10)) 
NP_batt=sum(P_batt_bank_disch)/(x_batt_parallel*x_batt_series*batt_data

base(x_batt_nom_j,1)*batt_database(x_batt_nom_j,2)) 
NP_chp_el=sum(P_chp_array)/(x_chp_parallel*chp_database(x_chp_nom_j,1)) 
NP_chp_th=sum(Q_chp_array)/(x_chp_parallel*chp_database(x_chp_nom_j,2)) 

  

  
%Load Supply Match Index 
LSM_os=(sum(excess_P)+sum(excess_Q)+sum(fail_P)+sum(fail_Q))/(sum(elect

ric_load)+sum(dhw_load)+sum(heating_load)+sum(space_cooling)) 
LSM_el=(sum(excess_P)+sum(fail_P))/sum(electric_load) 
LSM_th=(sum(excess_Q)+sum(fail_Q))/(sum(dhw_load)+sum(heating_load)+sum

(space_cooling)) 

  
%Energy utilization factor 
EUF_chp=x_chp_parallel*(P_chp_array+Q_chp_array)/(chp_database(x_chp_no

m_j,5)*(P_chp_array));  


