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Utilizing SAFE (Sustainable Approach For Energy) Analysis: 

Informing Alternative Energy Solutions at a Campus Scale 

 

Greenhouse gas pollution undermines people’s wellbeing and welfare by inciting long lasting 

changes in the atmosphere that can have a range of negative consequences for human health and 

ecosystem in nature. Society is becoming more aware of the impact that our lifestyle has on energy 

consumption and environment. Numerous scientific research studies have established direct and 

causal relationship between the GHG and the environmental and ecosystem changes, including but 

not limited to global warming, sea level rising, weather and precipitation patterns, habitats and 

species diversity. It is no surprise that more and more research projects are focusing developing 

innovative technologies that enables a sustainable future while maintaining our current lifestyle. 

Such research efforts expand from power generation and distribution such as Micro-grids, to 

environmentally-friendly urban/building designs, to green cloud/computation services. In 2015, 

the United States joined 185 countries in promising to curb GHG emission and committed to 

reduce its GHG emissions by 26-28 percent below the 2005 level in 2025, and to make “best 

efforts” to reduce emissions by 28 percent.   

On the other hand, when developing energy policy, each city has to identify the best set of 

technologies they could adopt, depends on a myriad of factors such as geographic location, weather 

pattern, population distribution, transportation pattern, and major industries within, etc. For 

example, the three metropolitan areas in Texas centered on Houston, Austin, and Dallas-Forth are 

very different in those factors, thus requires different sets of technologies to achieve their goal of 

GHG reduction and keep their economic growth sustainable respectively!  Each of the cities needs 

to be able to simulate the impact of different sets of technologies and environmental configuration 

to identify their own individualized strategy.   

In this paper, we present our project on integrating the most advanced energy resource allocation 

model (DER-CAM) and the popular Campus Carbon Calculator by Clean Air-Cool Planet for 

urban design to build a simulator so that city policy makers can simulate the impact of different 

sets of technologies based on their environmental configurations and preference and identify their 

individualized action plan for sustainable growth.  An illustrative example is presented based on 

simulating a school district in San Francisco School. Under idealized circumstances, using No-

investment case and Investment case where we have (the combined heat and power (CHP) system, 

electric chiller, renewable power generation such as PV, and a set of battery). The model based 

simulation provided an estimated 83% cost reduction and 38% carbon emission reductions with 

12 years payback period on investments. The simulator can be applied to bigger scenario, such as 

metropolitan area, or just a college campus, based on the historical data available. When more data 

are collected in the future, the simulator will provide action plan with better granularity and higher 

probably of confidence. We are developing interface so that new technologies can be integrated in 

the simulator.
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CHAPTER 1 

 

                                                        INTRODUCTION 

1.1.  OVERVIEW 

Scientists measure CO2 concentration level by acquiring air from remote locations distributed 

around the world to represent a large volume of Earth’s atmosphere. Concentrations are currently 

approaching the symbolically important value of 400 ppm (parts per million). Such trend of 

continued rapid rise in Carbon di oxide pretty much guarantees that CO2 level will rise far beyond 

400 ppm before it stabilizes.  If the pace of the last decade continues, carbon dioxide will reach 

450 ppm by the year 2040. Carbon dioxide is the most important man-made greenhouse gas, 

produced mainly by the burning of fossil fuels such as coal, oil and natural gas. The pace of the 

rise depends strongly on how much fossil fuel is used globally. [Note: 2.13 billion metric ton= 

1ppm]. And CO2 plays an important role in man-made climate change and affects all regions 

around the world. Polar ice shields are melting and the sea is rising. In some regions extreme 

weather events and rainfall are becoming more common, including extreme heat waves, flashing 

flood and droughts experienced across the United States for the last couple of years. One of the 

intensive and deadly event is the, tropical cyclone “Hurricane Matthew” experienced by Florida 

recently. Hurricane Matthew dropped a lot of rain, caused flooding and deaths across Florida and 

North Carolina. In fact, some rivers in North Carolina, such as the Tar and the Neuse Rivers, were 

still rising on Oct. 12, though after the hurricane passed the region on Oct.9. 

The United States has joined 185 countries and promise to curb carbon dioxide and other 

greenhouse gas (GHG) emissions, develop other ways to mitigate the impacts and to make 

communities more resilient to climate change in Paris. These proposals, called the “Intended 

Nationally Determined Contributions,” [199] have been submitted to the United Nations. In 

particular the United States has committed to reduce its greenhouse gas emissions by 26-28 percent 

below the 2005 level in 2025, and to make “best efforts” to reduce emissions by 28 percent. That 

would include curbings on carbon dioxide, methane, nitrous oxide, perfluorocarbons, sulfur 

hexafluoride and nitrogen trifluoride, all of which contribute to global warming. The power 

generation sector now accounts for 31 percent of U.S. emissions due to its heavy dependence on 

coal. The United States will continue its effort in reducing emissions by becoming more efficient 

in how we use energy in everything from buildings, vehicles, to consumers electronics such as 

washing machines and cell phones; how we generate energy, including developing and building 

more effective technologies for energy storage, and for the capture, storage and recycling of carbon 

dioxide and other GHG.  

 

 

 

http://unfccc.int/focus/indc_portal/items/8766.php
http://unfccc.int/focus/indc_portal/items/8766.php


2 
 

2 
 

1.2. PROBLEM STATEMENT 

 

The advancement of CHP project is dynamic now because of high fuel costs and falling store 

margin due of proceeding with monetary and populace development. Because of its prominent fuel 

proficiency, CHP is the least cost alternative for including base load limit. CHP is a progressed 

and very productive way to deal with generating electric power and useful thermal energy for the 

purpose of utilization. It helps organizations and groups decrease their energy costs, enhance 

proficiency, diminish emissions, and fortify their energy resiliency and unwavering quality. 

Economical or greening grounds developments the nation over, are driving a pattern toward clean 

CHP extends as an approach to advance sustainability and diminishing the environmental 

footprints of campus energy frameworks. 

 States are actualizing numerous arrangements that influence the financial aspects of energy 

efficiency, renewable energy, and combined heat and power (CHP) [196]. 

 Interaction with Federal Policies: These programs offer technical help, specialized 

particulars for qualified items or undertakings, government financing, and chances to 

arrange conveyance of state endeavors with territorial and national programs. 

Energy providing organizations are confronting legitimate limitations concerning natural targets 

affecting outline and operation of their energy services. Thus, optimizing energy services based 

on sustainable criteria plays a crucial role in providing clean, moderate and productive business 

solutions in the energy field. The point of this work is to help decision makers in design and 

optimization of energy services through the advancement of a methodology which utilizes 

DG/CHP services as practical criteria, which are expressed as cross-cutting innovations to 

increment reasonable heat supply. Inside this approach, both the necessities and impacts of 

arrangement targets are actualized for framework setup. For that, a multi-layer energy service 

framework is developed and surveyed utilizing a contextual analysis, where a current decentralized 

reference framework is substituted by Natural gas-fired Boiler. 

The work presented in this paper tries to create the situational awareness among academic 

institution and industries. It also addresses various policies in place which makes the investment 

more attractive by lowering the cost barrier to achieve the purpose of an efficient central plant that 

offers a low carbon resilient energy and cost effective services require complex optimization of 

design process, equipment choice & efficient operations. It likewise analyzes the part of the μgrid 

worldview in revolutionizing the current universal centralized model of electricity generation and 

delivery. At that point it gives μgrid concepts as an alternative option to incorporate distributed 

energy resources (DER) into business structures with peak electrical loads. It is a gathering of 

producing sources and loads working semi-freely of the legacy power system, or macro grid, 

normally interconnected at a single point of common coupling (PCC). The μgrid may incorporate 

traditional reciprocating engine generators (gensets), micro turbines, fuel cells, photovoltaic 

modules (PV) or other small-scale renewables, heat recovery from thermal generation and utilize, 
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electrical and heat storage devices, and controllable end-use loads. One of the μgrid components 

is proficiently meeting total system energy requirements, frequently by including combined heat 

and power (CHP) technology, especially for building heating and/or cooling. 

Reviewed some projects (Case Studies) to understand the issues: Provides a list and description of 

these projects. Current technologies for home and neighborhood refueling focus on on-site 

hydrogen production using reformation of natural gas (NG), because electricity and NG are 

commonly available in households. Tri-generation systems are energy systems that are designed 

to meet the three energy needs (electricity, heat, and transportation fuel) of a typical household. 

Typically, these three energy needs are met by grid electricity, NG heat (some places also use 

electricity or oil for heating), and gasoline. A typical tri-generation system produces electricity and 

heat for buildings as well as hydrogen for vehicles by converting a hydrocarbon such as NG or 

biogas. 

 

1.3. MOTIVATION 
 

1.3.1. Today’s Issues which will affect the overall load on central power plant are 

[Fig.1]: 

 The growing population on campus 

 Energy costs 

 Air conditioning is an expectation 

 Utilities are critical for Research 

 System reliability 

 Excessive strain on energy grid  

 

Fig. 1 [Network of electricity Generation, Transmission and Distribution] 

Energy storage expands usage of existing foundation instead of building more. Electricity is the 

world's biggest inventory network and has no storage contrasted and different products. Electric 
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framework is measured to surpass anticipated peak demand, resulting in massive idle capacity. In 

U.S. there are 17,350 generating plants, approx.164,000 miles for transmission, 3million miles for 

distribution and use is 47%, 43%, 34% respectively [fig.2]. The Projected underutilization of US 

infrastructure is approx. $822B without storage, as the anticipated spend for Generation was 

$505B, for Transmission was $298B and for Distribution was $582B. Today's Electricity Grid is 

greatly Overbuilt and Underutilized. Matter of concerns is that hundreds of $Bs of government 

and private funds have been invested in power generation to serve peak demand.   

Ref. Sources: “Electric Power System Asset Optimization.” NETL, March 2011; “The Power of Five Percent.”  

 

 

  [Figure.2 Projected Underutilization of US electricity infrastructure] 

Therefore, Storage projects can increase the utilization of existing grid infrastructure with targeted 

siting and operations. It can replace or defer new peak-related infrastructure investments in G/T/D, 

providing new, lower-cost solutions for utilities without on-site emissions or noise impacts. 

Note: Storage can increase reliability and lower costs for electric consumers. 

CHP is a financially accessible, clean energy solution that directly addresses various national needs 

including enhancing the competitiveness of U.S. manufacturing through reduced costs, expanding  

energy efficiency, reducing emissions, upgrading our energy infrastructure, improving energy 

security and flexibility, and developing our economy. All things considered, the viewpoint for 

expanded CHP utilize is splendid as policymakers at the government and state level are perceiving 

the potential advantages and the part that this innovation could play in providing clean, reliable, 

cost-effective energy services to industry and organizations. 
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 [Figure 3a.  Conventional system ]           

Conventional electricity generation [Figure 3a.] includes burning fuel at distant power plants, and 

transporting that electricity over long distances across transmission and distribution wires (and 

losing some en route). Organizations and industrial facilities then burn extra fuels in a furnace or 

boiler for heating or steam, or buy extra electricity for cooling. 

[Figure-3a&b]Shows the contrast of the energy inputs and output for a CHP system and a current 

conventional system delivering both electricity and heat. The figure demonstrates that, with a 

specific end goal to make a similar measure of usable energy, the CHP framework devours less 

energy than the conventional system. The overall efficiency of the CHP unit is 75% contrasted 

with the 50% overall efficiency of a conventional system. 

                                                              

[Figure 3b. Shows efficiency of the CHP Framework] 

Result of a 2001-2002 U.S. Department of Energy [200] and Oak Ridge National Laboratory [201] 

supported IDEA Survey and Report show the capability of CHP selection in school and college, 

urban downtown, and airport campus applications. A college campus is frequently a perfect 

application for CHP because thermal loads (heating and air conditioning) coordinate well with 

power necessities and existing district energy piping systems already aggregate thermal 

requirement. 

 

1.4. DER-CAM-Decision Support tool 
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DER-CAM (Distributed Energy Resources Customer Adoption Model) which is a decision 

support tool for investment and planning distributed energy resources (DER) in buildings and 

microgrids. The problem addressed by DER-CAM is formulated as a mixed integer linear program 

(MILP) that finds optimal DER investments while minimizing total energy costs, carbon dioxide 

(CO2) emissions, or a weighted objective that simultaneously considers both criteria [Figure 4]. 

Key inputs to the model are:  

1. Customer's end-use hourly load profiles (typically for space heat, hot water, natural 

gas only, (electric) cooling, (electric) refrigeration, and electricity only), defined 

over three day-types: week days, weekend days, and peak/outlier days  

2. Customer's default electricity tariff, natural gas prices, and other relevant price data  

3. Capital costs, operation and maintenance (O&M) costs, and fuel costs of the various 

available technologies, together with the interest rate on customer investment and 

maximum allowed payback  

4. Basic technical performance indicators of generation and storage technologies 

including the thermal-electric ratio that determines how much residual heat is 

available as a function of generator electric output. 

Output determined by DER-CAM   

1. Optimal capacity of on-site DER  

2. Optimized strategic dispatch of all DER, taking energy management measures into account  

3. Detailed economic results, including costs of energy supply and all DER-related costs 

For the work presented in this paper, an optimal operation-scheduling model for buildings and 

microgrids called DER-CAM was adapted. It is a flexible decision-support tool for decentralized 

integrated energy systems, and has two major versions: Investment & Planning DER-CAM and 

Operations DER-CAM [198]. Below figure shows the schematic nature of DER-CAM model’s 

Inputs and Outputs with the clear objective which are the performance matrix of our case study. 
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                                              [Figure.4 DER-CAM model’s Inputs and Outputs] 

 

1.5. Sustainable management of energy resources:  

Sustainability is viewed as a major consideration for both urban and rural advancement. 

Individuals have been misusing the natural resources with no understanding of the impacts, both 

short-term (natural) and long term (assets crunch). Knowledge and technology have not been 

used effectively in managing energy resources. Thus, energy loss minimization will help in 

sustainability. In the process of developing, there are two options to manage: 

 (1) End use matching/demand side management, which concentrates on the utilities. The mode 

of obtaining this is decided based on economic terms. It is, in this way, a quantitative approach.  

(2) Supply side management, which focuses on the renewable energy resource and method of 

utilizing it. This is chosen in view of thermodynamic consideration in order to minimize 

resource-user energy loss as the goal criteria. It is, therefore, a qualitative approach. The two 

choices are clarified schematically in Table 1. 

[Table 1: Energy Management- Supply and Demand Side] 
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Dynamic Framework: Concept of incorporating DER which shows the impact on 

on-site & off-site generation  

The μgrid may incorporate traditional reciprocating engine generators (gensets), micro turbines, 

fuel cells, photovoltaic modules (PV) or other small-scale renewables, heat recovery from thermal 

generation and utilize, electrical and heat storage devices, and controllable end-use loads. One of 

the μgrid components is proficiently meeting total system energy requirements, frequently by 

including combined heat and power (CHP) technology, especially for building heating and/or 

cooling. It includes demand management, storage and generation. 

 Below frameworks explained , where (1)  Actual demand profile of the different end uses 

collected during hour (h), month (m), day type (d), kW. (2) The DER is proficiently meeting 

total peak electrical loads, and thermal loads frequently by CHP technology with greater 

security and safety during microgrid outages. (3) load forecast is important for following 

reasons (a) planning and sizing of the components (b)ideally electricity production covers the 

demand at any time (c) precautions in case of insufficient hydropower potential (load 

management, demand side management, back-up solutions), and (d) revenues depend on 

electricity consumption. (4) As many distributed energy resources (DERs) are to be installed 

at the low-voltage (LV) distributed network. The nature of DERs connected near the load 

introduces both-way power flows at the point of common coupling (PCC) in the network to 

grid to provide backup power during outages and/or sell excess electricity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

[Figure 5. Dynamic framework: Actual data processing, Energy and demand prediction, DR 

potentials, Economic Cost Savings, Impacts on Comfort] 
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This paper aims to create and develop a realistic and efficient model to assist in decision making 

of adopting alternative energy solutions by taking into consideration of the design process, 

equipment and operation choices. The ultimate goal is to achieve resilient sustainable energy 

solution with low carbon emission and cost-effective services.  

Below are the (Sustainable Approach for Energy SAFE Analysis) feature list [Table 2] and 

indicates how distributed generation affects the financial and environmental performance of the 

site (College @ San-Francisco). It lists parameters involved in minimization of total energy costs; 

and also suggests to deduct the load not met by demand measures in considering the energy balance 

constraints, from the load while balancing the energy for different end uses. 

[Table 2: Factors affecting the financial and environmental performance of the site (potential 

candidate)] 

 SAFE Feature List  

1) Electricity purchased from/exported to the distribution utility 

2) Number of units of generation technology , running during h hours, type of day d and month m 

(kW) 

3) Total electricity demand during h hour, type of day and month m (kW) 

4) Annualized capital cost of discrete generation technologies, continuous technologies, direct 

chiller and switch parameters($) 

5) Reliability DER : Average fraction of time DER equipment is available and not subject to outage 

6) Upfront capital cost: Total capital cost of discrete generation technologies, continuous 

technologies and direct chillers and switch parameters 

7) Tax on carbon emissions (US$/kg-carbon) 

8) (Off-site) Marginal carbon emissions rate from marketplace generation during hour(h), kg-

carbon/kWh) 

9) Volumetric electricity tariff rate for month m and period p (US $/kW) 

10) Energy generated/consumed in from end uses by technology (discrete + continuous) during hour 

h, type of day d, and month m to supply (college load) (kWh) 

11) On-site CO2 emission rate from generation technology, (burning natural gas to meet heating 

cooling loads) (kg-carbon/kWh) 

12) Electrical efficiency of generation technology 

13) Natural gas purchase during h hours to meet end-uses 

14) Min/Max acceptable state of charge for storage technology, (%) 

15) Amount of useful heat in kW recovered from unit kW of electricity generated by technology 

discrete technology. 

16) Fraction of maximum solar insolation incident upon location during hours h in month m 

 

Please refer chapter 3 to understand the formulation of further limit and constraint such as limit on 

simultaneous electricity purchase and sell; on-site generation limits; storage balance and 

limitations; limit on demand response; heat recovery; consumptions of cooling technologies. 
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Another, analysis in Figure 6, shows reduction of CO2 emission and electricity consumption, in 

all the 6 cases explained in [chapter 4]. This shows an optimistic result that DER-CAM tool shows 

for investment and planning objective. 

                       

                     [Figure 6.CO2 Emission vs Electricity Consumption Analysis] 

 

Zero Energy Buildings 

Zero energy buildings combine energy efficiency and renewable energy generation to consume 

only as much energy as can be produced onsite through renewable resources over a specified time 

period. Achieving zero energy is an ambitious yet increasingly achievable goal that is gaining 

momentum across geographic regions and markets. To create a Zero energy building:  

Step 1: Increase energy efficiency; efficient building construction; efficient systems and 

appliances; Operations and maintenance and Change in user behavior 

Step 2: Address remaining needs with on-site renewable energy generation. 

In this paper, we are only focusing on investment and planning and the result in chapter 4 shows 

38% reduction of CO2 emission and reduction of 83% electricity cost.  

DER-CAM can be used for microgrid applications and to help implement net-zero buildings, 

campuses and communities.  

Below figure 7. Explains that in this paper we have discussed the planning phase for potential 

candidate (College @ San-Francisco) with the key parameters necessary for the decision making 

process. Further, the work can be expanded, in Identify phase by exploring the existing 

parameters in order to increase the energy efficiency and voluntary participate in clean energy 

programs for incentives & funding. Then, enters implementation phase by adopting the 

alternative energy solution by appropriate sizing, Utility services and demand response. 
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[Figure 7. Project Management Phases for Zero-Carbon] 
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conducted based on the DER-CAM model parameters, and some recommendation made by SAFE 
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CHAPTER 2 

 

2.1. DISTRIBUTED ENERGY RESOURCES (Types and Challenges) 

The CHP/Cogeneration frameworks [Figure 8] are fueled by natural gas delivered by pipeline 

rather than by vulnerable above-ground electric power cables which makes it a good solution for 

the power destruction brought on by hurricanes. Comprehensive literature review is done in this 

section to answer the listed research questions for the model development, challenges, and 

resolution tools used till now. An overview and different configuration of DER (Combined heat 

and power/Cogeneration) and its advantages are explained. Based on the studies, the model, 

methodologies and mathematical tool (performance metrics) was identified as a SAFE Analysis 

features. Following with the state policies that are helping and encouraging the Clean and Energy 

efficient environment. After understanding the key concept of combined heat and power system 

in chapter 1, [Table 2] starts with the types of DER technology, fuel and applications to give an 

idea about the current configuration being adopted by industries and universities. 

                             
                         [Figure 8. Available CHP prime movers] 

Types of Prime Movers: 

 Commonly used CHP Electric Technologies are Gas Turbine, Steam Turbine, and 

Reciprocating Engine. New non-commercialized are Micro-turbine and Fuel Cell. 

 CHP Thermal Technologies are Absorption Chiller, Ammonia Absorption Chiller, 

Desiccant Dehumidifier and Heat Recovery Steam Generator 

 Waste heat to power: Heat Recovery via Power generation 

 District Technology: The prime movers for electric generation are similar to those used 

for combined heat and power (CHP) [202]. The main distinguishing factor is size - district 

energy systems can be quite large since they supply a number of buildings. 

 

Table 3: Summarizes and provides a brief description of various technologies (CHP, Waste heat 

to Power and District). 
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Table 3. Summary and Description of CHP Technologies, fuel and Applications 

                                          TYPES OF DISTRIBUTED ENERGY RESOURCES 

CHP Electric Technologies 

1. Gas turbine: Combustion or gas turbines are a built up power 

era innovation accessible in sizes from a few hundred kW to more 

than 100 MW. 

Gas turbines can be set up to burn natural gas, a variety of petroleum 

fuels, landfill or biogas, or can have dual-fuel capability.  

Gas turbines are appropriate for CHP because of the fact that their 

high-temperature fumes can be utilized to create process steam at 

conditions as high as 1,200 pounds for each square inch gauge 

(psig) and 900 degrees Fahrenheit (°F)  

2. Steam turbine: Steam turbines create electricity from the heat 

(steam) delivered in a boiler, changing over steam energy into shaft 

power.  

The limit of financially accessible steam turbines ranges from 50 

kW to more than 250 MW.  

Perfect uses of steam turbine-based CHP systems incorporate 

medium-and large-scale industrial or institutional facilities with 

high thermal loads, and where solid or waste fuel are readily 

accessible for boiler use.  
 

3. Reciprocating engine: Reciprocating internal combustion 

engines are the most across the board innovation for power era, 

commonly for small, portable generators to several megawatts.  

Utilize natural gas, however they can be set up to keep running on 

propane or landfill and biogas, and are accessible in sizes up to 5 

MW.  

Reciprocating engines are appropriate for applications that require 

hot water or low-pressure steam. 

 

New and Non-commercialized Technologies 
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4. Micro turbine: Micro turbines are very small combustion 

turbines with output of 30 kW to 300 kW.  

They are compact and lightweight, with few moving parts. 

Exhaust heat can be utilized for various distinctive 

applications, including consumable water heating, absorption 

chillers and desiccant dehumidification equipment, space 

heating, process heating, and other building employments. 

 
5. Fuel cell: In CHP applications, heat is generally recovered 

in the form of hot water or low-pressure steam (<30 psig), and 

the quality of heat relies on the type of fuel cell and its 

operating temperature.  

Fuel cells guarantee higher efficiency than generation 

technologies based on heat engine prime movers. 

Like micro turbines, fuel cells require power electronics to 

convert the direct current to 60-Hertz rotating current 

 

 

 

 
 

CHP Thermal Technologies 

1. Absorption Chillers: All chillers use energy to remove 

heat from a building. In the case of absorption chillers, the 

energy comes from heat. 

 

This heat can be supplied by natural gas, steam, or waste heat. 

 

The absorption chiller creates a refrigerative effect by 

absorbing and then releasing water vapor into and out of a 

lithium bromide solution 
 

2. Ammonia Absorption Chiller: Ammonia-based absorption chillers use a mixture of ammonia and water 

as a working pair, with ammonia as the refrigerant, rather than the lithium-bromide and water used in regular 

absorption chillers. 

Applications from small refrigerators of less than 25 refrigeration tons (RT) of cooling capacity to mammoth 

heat-recovery machines installed with power plants. 
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3. Desiccant Dehumidifier: Desiccants can be utilized to expel humidity from air. In humid atmospheres, 

this decreases the cost of air conditioning and enhances indoor air quality. 

Space conditioning is comprised of two separate components: 

 Sensible cooling - lowering the air temperature 

 Latent cooling - reducing humidity in the air 

By reducing moisture content of the air, desiccants reduce the latent cooling load on conventional AC 

equipment. 

Desiccants are an excellent use of the heat from CHP systems throughout the cooling season 

 
 

4. Heat Recovery Steam generators: Are basically boilers that catch or recover the exhaust of a prime 

mover, for example, combustion turbine, natural gas or diesel engine to create steam.  

Exhaust gases at temperatures of 800˚F to 1200˚F heat these tubes. 

HRSGs, which range from 10-250 megawatts and have an efficiency of 60-85%, are typically found in many 

combined cycle power plants 
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Waste Heat to Power 

Heat Recovery by means of Power generation: Waste Heat to Power refers to capturing waste heat that an 

industrial site or combustion process is now emitting, and transforming it into clean power. 

                               
District Energy: District energy refers to generating any mix of electricity, steam, heating, or cooling at a 

central plant and then distributing that energy to a system of adjacent structures. Many district energy plans 

utilize combined heat and power [203], reusing the thermal energy left over from electricity generation for 

heating or cooling. It is an efficient, reliable, and cost-effective option for any group or system of structures 

                          
Electric Generation Technology: The prime movers for electric generation are similar to those used 

for combined heat and power (CHP). The main distinguishing factor is size - district energy systems can be 

quite large since they supply a number of buildings. 

1. Gas Turbine: Combustion or gas turbines are a built up 

power generation technology accessible in sizes from a few 

hundred kW to more than 100 MW.  

 

Gas turbines produce high-quality heat that can be used to 

generate steam for onsite use or for extra power generation 

(combined cycle) 
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2. Steam Turbine: Steam turbines create electricity from the 

heat (steam) delivered in a boiler, changing over steam 

energy into shaft power. Steam turbines are a standout 

amongst the most adaptable and most established prime 

mover advancements used to drive a generator or mechanical 

machinery.  

 

The limit of economically accessible steam turbines ranges 

from 50 kW to more than 250 MW 

                  

 
3. Reciprocating Engines: Multiple reciprocating engine 

units can enhance plant capacity and availability.  

Numerous reciprocating engine units can upgrade plant limit 

and accessibility. Reciprocating engine are appropriate for 

applications that require boiling hot water or low-weight 

steam.  

Are accessible in sizes up to 5 MW 

                        

 

Fuels for District Energy: 

District energy systems can use a variety of conventional fuels such as natural gas, coal, or oil--whichever 

fuel is most competitive at the time. Also, uses local resources which keeps energy dollars re-circulating in 

the local economy and may qualify for a renewable energy production tax credit or for the renewable energy 

portfolio standard. 

 Waste wood in downtown St. Paul 

 Oat hull by-products at the University of Iowa 

 Landfill gas at the University of California Los Angeles 

 Tire-derived fuel from shredded, waste automotive tires at the University of Missouri – Columbia 

 

Challenges for DER to participate in electricity market: 

The technical potential for CHP is amassed in states with expansive populace focuses (prompting 

to a lot of business offices) and additionally a solid industrial presence. 

Below are the key challenges for DER to participate in electricity, markets: 

 Energy Storage 

 Seasonal match between generation and load 

 There are three main parameters – frequency, voltage and power quality - that must be  

considered and controlled to acceptable standards whilst the power and energy balance is 
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maintained. 

 Increase efficiency, reduce costs, and stabilize operating budgets in a volatile energy 

market  

 Capable of islanded operation supplying power to the campus even in the event of a grid     

disruption.  

 Concern over increasing carbon dioxide emissions and their contribution to the greenhouse 

Effect. 

 Conventional and fuel cell CHP economics are highly sensitive to the ‘spark spread’ of    

electricity and gas prices, defined as the difference between the price of electricity sold by 

a generator and the price of the fuel used to generate it. 

 

2.1.1. Model Development 

In recent years, the aggregate number of accessible energy models has developed massively not at 

all as a result of the growing computer possibility. As a result, these models differ significantly 

and the question emerges which model is most suited for a specific reason or circumstance. An 

arrangement plan can give knowledge in the distinctions and similarities between energy models 

and in this way encourages the choice of the correct models. After some time, various 

characterizations have been made, however none of them can claim to be the best. Despite the fact 

that this may have been conceivable in the early years of model improvement, today the 

incomprehensible measure of models created for various purposes has obviously made any 

classification arbitrary. Keeping in mind the end goal to even now have the capacity to choose the 

best possible models, an overview of the different ways of classification would be valuable. 

However, such a review is not accessible in any of the literature reviewed. Hence, we will first 

give an outline of various methods for characterization. This outline can likewise be useful in 

situations where model developers themselves are searching for a convenient modeling approach. 

Besides, the overview will generally be applicable for other modeling areas related to energy, for 

example, climate change. The choice for exactly these ways depends on the reflections with respect 

to the research project on local energy planning described below: 

 What are the purposes of the models, which types address demand, supply, impacts, or 

appraisal? 

 What are the different type of federal policies supporting sustainability approach and how 

they made investment more attractive? 

 What are the types of energy demand and how much energy has to be supplied? 

 How to identify the relevant energy systems that can meet the demanded forms of energy. 

 What methodology should be used for:  

o  Projecting demand type?  

o  Mapping the supply options?  

o  Matching the demand and supply?  
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o  Assessing the impacts?  

o Appraising the different options?  

 What are the impacts of using the energy systems? 

 Are the external assumptions valid for rapidly developing regions in developing countries? 

 What mathematical approach should be used formulating the discrete decision problems? 

 Does the model affect the local or regional level within a country? 

 What are the result of the analysis and how it relates with the situational awareness? 

 

The general characteristics are shared by all models: 

There are numerous methods for characterizing the different models, while there are just few 

models if any of that fit into just a single distinct category. Below [Table 4] are the cases of orders 

given by particular authors in [204]: 

[Table 4: Characteristics of Energy Models] 

Author & year Description (characteristics of energy models) 

Hourcade et. al. (1996, 283-286) 
the purpose of the models,  

their structure, and  

their external or input assumptions. 

Grubb et. al. (1993, 432-446) 

top-down vs. bottom-up,  

time horizon,  

sectoral coverage,  

optimization vs. simulation techniques,  

level of aggregation, and finally  

geographic coverage, trade, and leakage 

Vogely (1974), Meier, (1984), APDC 

(1985), Munasinghe (1988), Kleinpeter 

(1989), World Bank (1991), IIASA 

(1995), Kleinpeter (1995), Environmental 

Manual (1999) 

the applied mathematical techniques,  

the degree of data intensiveness,  

the degree of model complexity, and  

the model flexibility 

 

More specific or concrete purposes of energy models are the aspects on which the models focus, such as 

energy demand, energy supply, impacts, or appraisal [Table 5] 

[Table 5: Concrete purpose of energy models] 

Factors Description/Purpose 

Energy Demand 

Models 

Focus on either the entire economy or a certain sector and regard demand as a 

function of changes in population, income, and energy prices. 

Energy Supply Models 

Focus mainly on the technical aspects concerning energy systems and whether 

supply can meet a given demand, but may include financial aspects using a least-

cost approach 
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Impact Models 

Caused by using certain energy systems or enact certain policy measures the 

financial/ economic situation, changes in the social situation (distribution of 

wealth, employment) 

changes in health and the environment (emissions, solid or liquid waste, 

biodiversity) 

assess the consequences of selecting certain options 

Appraisal Models 

If there are several options they need to be compared and appraised in order to 

select the most suited option.  

Even if there seems to be only one option to be appraised there will always be 

the other option of not selecting the option which has consequences as well. 

Consequences or impacts of each option are compared and appraised according 

to one or more preset criteria of which efficiency (technical as well as cost) is the 

most commonly used. 

 

The Model Structure: Internal and External Assumptions 

For every type of model, a choice must be made on which suppositions will be implanted in the 

model structure (the understood or inside presumptions) and which are left to be determined by 

the user (i.e., external or input assumptions). 

[Table 6: Presumptions considered in model structure]  

Assumptions Description 

Internal assumptions 
Hourcade et. al. (1996, 284- 285) distinguish four independent 

dimensions with which the structure of models can be characterized: 

The degree of endogenization 

Endogenization means the attempt to incorporate all parameters 

within the model equations so as to minimize the number of 

exogenous parameters 

The extent of the description 

of the non-energy sector 

components of the economy 

Non-energy division parts incorporate investment, exchange, 

consumption of non-energy merchandise and enterprises, wage 

distribution, and more 

The extent of the description 

of energy end-uses 

The more definite the model's description of energy end-use, the 

more appropriate the model is for analyzing the innovative potential 

for energy efficiency  

The extent of the description 

of energy supply technologies 

The technological potential for fuel substitution and new supply 

advances can best be examined if the model takes into consideration a 

point by point description of advances 

External Assumptions 

If parameter values are not assumed within the energy model, the 

model users themselves will have to make external assumptions about 

them. According Hourcade et. al. (1996, 286), external assumptions 

often include assumptions about: 

Population growth Other things being equal, population growth increases energy demand 

Economic growth 
result of financial development is that it diminishes the monetary 

lifetime of energy-using equipment 
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Energy demand 
affected by structural changes in an economy because that distinctive 

areas have diverse energy intensities 

Energy supply 

determined by the short-term accessibility of alternative resource  

supplies and by screen technologies which give a sign of the cost at 

which an infinity alternative supply of energy gets to be distinctly 

accessible 

Price and income elasticities 

of energy demand 

Elasticities measure the relative change in energy demand, given 

relative changes in its costs and in earnings. Higher flexibilities infer 

bigger changes in energy use 

Existing tax system and tax 

recycling 
Taxes can have large impacts on the total costs of energy systems 

 

2.1.2. Types of Methodologies:  

The distinction between top-down and bottom-up models is particularly interesting because they 

tend to produce opposite outcomes for the same problem. Hourcade et. al. (1996, 281-289) and in 

particular Grubb et. al. (1993, 432-446) provide useful information on this subject. Clearly 

explained in by Dr. ing. W. van Groenendaal [204]. Following part shows, an overview of 

commonly used methodologies [table 5] in developing energy models will be presented and these 

methodologies are used for the concrete development of energy models which can be found in, 

among others, APDC (1985), Grubb et. al. (1993), IIASA (1995), Kleinpeter (1995), Hourcade et. 

al. (1996). Some of the commonly used model are; Econometric model developed by (Kleinpeter, 

1995, p. 177) and one of its application is in understanding the vital piece of information in 

estimating sales potential would be the size of the total current market in that country, and next is 

backcasting models, Used to construct visions of desired futures in the research program of 

Sustainable Technological Development (STD). As our purpose is to determine the feasibility of 

investing in storage in combination with the distributed energy resources, an optimization model 

is required, and further DHV (1984) says that the outcome represents the best solution for given 

variables while meeting the given constraints. Below [Table 7] explains the granularity of why the 

particular model is used and highlights its disadvantages. 

 

[Table 7: Overview of different types of methodologies] 

Methods/Mo

dels 

Author and 

Year 

Description Disadvantages 

Econometric   (Kleinpeter, 1995, 

p. 177) 

Apply statistical methods to extrapolate 

past market behavior into the future 

Long term effects can only be addressed 

by increasing the aggregation level in 

order to reduce the fluctuations over time Munasinghe (1988) 

APDC (1985) 

Macro-

Economic  

 Do not concentrate on energy specifically 

but on the economy as a whole, of which 

energy is only a (small) part. 

Does not represent specific technologies 

and requires a relatively high level of 

expertise 
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Economic 

Equilibrium  

Slesser (1982) Study the energy sector as part of the 

overall economy and focus on 

interrelations between the energy sector 

and the rest of the economy. also referred 

to as resource allocation models 

They do not provide adequate information 

on the time path towards the new 

equilibrium, implying that transition costs 

are understated. 

Optimization  DHV (1984) Optimization methodologies are used to 

optimize energy investment decisions 

endogenously. The outcome represents 

the best solution for given variables while 

meeting the given constraints 

High level of mathematical knowledge 

and that the included processes must be 

analytically defined 

Simulation  World Energy 

Conference (1986) 

 

(Rosseti et al., 

2009). 

A simulation model is referred to as static 

if it represents the operation of the system 

in a single time period; it is referred to as 

dynamic if the output of the current period 

is affected by evolution or expansion 

compared with previous periods 

Tend to be rather complex. They are often 

used in scenario analysis. 

Spreadsheet 

(Tool Boxes) 

Grubb (1993), 

Hourcade (1996)) 

Mentioned as a separate (bottom-up) 

methodology. 

 

 

 

 

It is time consuming 

 

Munasinghe 

(1988,30) 

More like a software package to generate 

models than a model per se 

World Bank (1991, 

6-9) 

As “tool boxes” which often include a 

reference model that can easily be 

modified according to individual needs. 

Backcasting  Dutch 

interdepartmental 

research program 

Sustainable 

Technological 

Development (STD) 

uses backcasting to 

explore the 

(technological) 

requirements for 

certain desired 

futures (STD, 1998) 

Used to construct visions of desired 

futures by interviewing experts in the 

fields and subsequently by looking at 

which trends are required or need to be 

broken to accomplish such futures. 

Traditional forecasting is only reliable in 

the case of well-defined and relatively 

stable systems like existing markets and in 

the short term 

Multi-criteria  Georgopoulou 

(1997) and 

Georgopoulou 

(1998). 

It enables you to include quantitative as 

well as qualitative data in the analysis 

                    

                      n/a 

       

2.1.3. Resolution Tools 

The above table shows different type of methodologies. Out of which optimization model clearly 

align with our objective and purpose to further enhance its implementation mathematical equations 

are required. A literature review was done to study the existing type of Mathematical tool. 

Optimization modeling was often based on a number of mathematical equations to represent a 

series of interactions between relevant system components, processes, and factors. Over the past 

decades, the most common approaches for dealing with uncertainties in optimization modeling 

included interval, stochastic, and fuzzy-set-based methods as well as their hybrids  [9–11, 184–

188]. Bakirtzis and Gavanidou [152] employed a stochastic dynamic programming method for 
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facilitating the optimal management of power generation and battery storage in a small 

autonomous system with both conventional and unconventional energy resources. And to size the 

energy carrier with different unit Mixed Integer linear programming is used. In order to make good 

decision prior using the resolution tools to serve the objective step one is to understand the tools 

and its focus area. Therefore, below [Table 8] gives an idea to identify the appropriate 

mathematical tool. 

      [Table 8: Literature review on existing mathematical/resolution tools] 

Resolution tools Description Focus 

Linear Programming 

(LP), 

Is widely used for modelling energy supply 

because of its simplicity in solution  

LP models can be very sensitive to input 

parameter variations. 

(e.g., capacity expansion planning)  

LP is used for almost all optimization 

models, applied in national energy 

planning and technology related long-term 

energy research. 

Mixed Integer Linear 

Programming (MILP)  

Models the problems in which some 

variables are discrete. 

It is actually an extension of Linear 

Programming which allows for greater detail 

in formulating technical properties and 

relations in modeling energy systems. 

Decisions such as Yes/No or (0/1) are 

admitted as well as nonconvex relations for 

discrete decision problems 

MILP has been widely used in MES 

(Multi-Energy Systems) planning 

problems, where various energy carriers 

with different units in terms of size and 

type are considered 

The problem is 

modeled as a Non-

Linear Problem 

(NLP). 

When there are nonlinear relations in either 

constraints or objective functions,  

Often, endogenizing the model variables 

leads to convert a linear model into a 

nonlinear one. The multi-criteria models 

are used when there is more than one 

criterion, usually conflicting ones, as the 

objective functions to be optimized. 

Dynamic 

Programming (DP) 

Divides the problem into sub problems to be 

able to solve them more easily. 
 - 

Fuzzy programming 

(FP) 

Methods have been applied to deal with 

uncertainties 

Energy demand, price market, and 

learning rate of technologies are common 

parameters assumed uncertain in the 

energy system modelling (Salas, 2013). 

Fuzzy model 
Chen and Sheen introduced a generalized 

model 
Energy-load management [128]. 

A fuzzy multi-

objective linear 

programming 

approach 

Borges and Antunes presented 

For tackling the uncertainty and 

imprecision associated with the 

coefficients of an input-output energy-

economy planning model [160]. 

strategic choices for enabling decision 

makers to evaluate and identify optimal 

policies for energy allocations over 

different time horizons [133] 

Fuzzy multi-objective 

programming model 

Bitar et al. used a model to analyze the 

tradoffs  

Between the variations of system costs,  

the emissions of CO2, and the number of 

potential jobs, as well as the expansion 

options of thermoelectric power in a 

specific region [135]. 
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Fuzzy model 
Kagan and Adams addressed the problem 

through formulation of a FMM 

Problems of electrical power distribution 

systems by planning under uncertainty 

[129]. 

Stochastic and/or 

interval programming 

(SP) methods 

Stochastic mathematical programming (SMP) was developed by Beale [137]. 

they do not simply reduce the complexity of programming problems they allow decision 

makers to have a complete view of the effects of uncertainties and the relationships 

between uncertain inputs and the resulting solutions [138–139]. 

Also, two-stage stochastic programming and chance-constrained programming are the 

major two methods. 

SP Model :  

CCP first formulated 

by Charnes et al., 

[153-160]. 

 

Two-stage stochastic 

programming (TSP) 

is effective for 

optimization 

problems 

Focus Area description 

Pena-Taveras and Cambel developed a stochastic nonlinear model for supporting 

optimal energy system design through the adoption of the Schumpeter Clock Model 

(SCM) and the Ising Model (IM) [151]. 

Bakirtzis and Gavanidou employed a stochastic dynamic programming method for 

facilitating the optimal management of power generation and battery storage in a small 

autonomous system with both conventional and unconventional energy resources [152]. 

Goumas et al. adopted several computational methods to provide a rigorous analysis for 

improving the decision-making process related to the optimum exploitation of 

geothermal energy resources [153]. 

Gamou et al. proposed an optimal unit-sizing method for energy cogeneration systems 

planning through employing continuous random variables for describing energy 

demands [154] 

Falcão presented an optimization model for allocating mechanical and electrical 

equipment within an oscillating-water-column (OWC) wave power plant [155]. 

 

Artificial Neural 

Networks (ANN), 

Autoregressive, 

Adaptive Neural 

Fuzzy Inference 

Systems (ANFIS) 

ANN, ANFIS, and Markov chain techniques have been extensively used for 

forecasting/prediction purposes (Ettoumi et al., 2003). 

 

2.1.4. Optimization of Energy Systems Planning 

The study gives an overview of the work done till now in the field of optimization of energy system 

planning explaining focus area. For example, Sharma et al. proposed a method for optimal design 

of a compressed air storage and power generation system. Kaya and Keyes [88] explain in detail 

about the multi-level controlling and optimization approach to support the efficient systems. In 

addition to that Schulz and Stehfest [5] explains in order to facilitate the management of energy 

activities within a free-market economy in a given region, a linear optimization model is used 

hence proposed the model. Henning [13] supported and introduced, MODEST based on linear 

programming to minimize the capital and operating costs of energy supply and demand. Due to 

the exponential growth of the population in Academic as well as in Industrial or commercial field, 

long term investment welcomed. Therefore, Yokoyama and Ito [19] proposed an optimization 

model for supporting the structural design of energy systems as well as their associated long-term 

operations. After the success of this work Tiris et al. [9] added a multi-attribute value model to 

coordinate long-term interactions among energy, the economy, and the environment in Turkey. 
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Meanwhile, Pakistan, Riaz [4] was focusing on set of production models for five typical energy 

industries in this country. In the same way [Table 9] shows different type of large scale modeling 

like; the Brookhaven Energy System Optimization Model (BESOM) [92,22–24], the Time-stepped 

Energy System Optimization Model (TESOM), the Time-stepped Energy System Optimization 

Model (TESOM) [27], The Market Allocation Model (MARKAL) [5,28–38], Multiple Energy 

System of Australia (MENSA) [39–41], the Energy Flow Optimization Model (EFOM) [54,42–

48] and Long-range Energy Alternatives Planning System (LEAP), New Earth 21 Model (NE21), 

National Energy Modeling System (NEMS) and Energy 2020 [77–84]. All the modeling technique 

was developed to identify engineering oriented optimal approach. In order to satisfy the 

optimization objective of this paper the Energy Flow Optimization Model (EFOM) [54, 42–48] is 

followed as it was established as an engineering-oriented bottom-up model for energy management 

systems planning and was widely used in European countries. 

 

[Table 9: Summary of Extensive Literature Review on optimization modeling and planning 

strategies] 

Author Proposed work/Methodology/Resolution Technique 

[1] Sharma et al 
Proposed a method for the optimal design of a compressed air storage and 

power generation system 

Kavrakoğlu [2] 
Developed a dynamic linear programming model for the planning of energy 

systems at a national scale 

Smith[3] 
Linear optimization model for the planning of New Zealand’s energy supply 

and distribution system 

Pakistan, Riaz [4] 
An optimization approach resulting from the joint consideration of a set of 

production models for five typical energy industries in this country 

Schulz and Stehfest 

[5]. 

In order to facilitate the management of energy activities within a free-market 

economy in a given region, a linear optimization model was proposed.  

Samouilidis et al.[6] 

Made a thorough evaluation of the modelling approaches for electricity and 

energy systems planning. It was based on two linear optimization models, 

including a global energy system model and an electricity generation 

subsystem model 

Wene and Rydën [7] 
Discussed the adoption of a linear programming model for the planning of 

community-scale energy systems  

Groscurth and 

Kümmel [8]. 

Developed a linear optimization model for evaluating industrial energy-

saving potentials in several developed countries such as Germany, USA, The 

Netherlands and Japan  

Kahane [87] 
Made a thorough review on optimization modeling for the management of 

various energy systems  

Kaya and Keyes [88] 
Proposed a multi-level controlling and optimization approach to support the 

efficient operations of heat and power cogeneration systems  
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Tiris et al. [9]. 

Developed a linear optimization model and a multi-attribute value model to 

coordinate long-term interactions among energy, the economy, and the 

environment in Turkey. 

Arivalagan et al. [10]. 
Presented a mixed integer linear programming (MILP) model to identify 

economically optimum energy mixes in a processing industry  

Schoenau et al. [89] 
Developed a model for identifying optimum strategies in small-scale energy 

systems  

Lehtilä and Pirilä [11] 
Proposed a bottom-up energy system optimization model for supporting the 

formulation of policies related to sustainable energy utilization  

Bojiæ and Stojanoviæ 

[12]. 

For optimally identifying heat and power generating strategies in an industrial 

factory, a MILP model was proposed 

Henning [13]. 

As stated by Henning, MODEST was developed based on linear 

programming to minimize the capital and operating costs of energy supply 

and demand  

Heyen and 

Kalitventzeff [14]. 

Proposed an optimization methodology to improve energy-utilization 

efficiencies in processing industries  

Farag et al. [15]. 

Attempted to develop integrated, reliable, and cost-effective approaches for 

identifying optimal plans and meeting future energy demands in several 

utilities  

Peippo et al. [90]. 

In order to identify the optimum technology and resource mixes for the design 

of energy-conscious buildings, a numerical multivariate optimization 

procedure was adopted  

El-Sayed [16]. 
Proposed a linear optimization model for the management of energy systems 

at multiple scales  

Santos and Dourado 

[17]. 

In order to identify optimization solutions for energy and production in many 

industries, a global, multi-objective optimization methodology was proposed. 

Nagel [18] 

A genetic-algorithm based solution method was also proposed. In order to 

determine an economically optimal energy supply structure based on biomass, 

a MILP model was proposed. 

Yokoyama and Ito 

[19] 

Proposed an optimization model for supporting the structural design of energy 

systems as well as their associated long-term operations  

Drozdz [91] 
Developed a linear optimization model for the management of geothermal 

utilization and conversion  

Koroneos et al. [20] 

Due to the multiplicity of criteria for judging decision alternatives related to 

energy management, Koroneos et al. advanced a multi-objective optimization 

model. It was then applied to a real-world case in Lesvos Island, Greece [48]. 

Ostadi et al [21] 
Developed a nonlinear programming approach for identifying optimal energy 

consuming patterns/schedules within a typical manufacturing factory  

[94] 

Considering that energy consumption is a very important quality index in 

most of the manufacturing industries in China, an energy optimization model 

was developed for minimizing energy consumption based on an energy 

prediction model and genetic algorithm  
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Beck et al. [22] 

Proposed a modeling approach for supporting the optimal planning of energy 

networks through combining global optimization and agent-based modeling 

tools  

Bujak [23]. 

The approach was demonstrated through a case study of regional electricity 

generation management in South Africa. Bujak proposed a mathematical 

model to determine optimal energy consumption quotas for a set of boilers. 

The model was then applied to multiple-scale steam systems that had a group 

of liquid- or gas-fired shell boilers.   

A number of large-scale modeling systems were also developed and then applied to many 

locations across the World 

The Brookhaven 

Energy System 

Optimization Model 

(BESOM) [92,22–24]. 

It is used to identify the optimal mixing patterns of energy resources, 

technologies and investments in accordance with the minimum system cost  

The Time-stepped 

Energy System 

Optimization Model 

(TESOM) 

Proposed as a consecutive BESOM-type optimization modeling system for 

supporting energy management [94]. 

 

The Time-stepped 

Energy System 

Optimization Model 

(TESOM) [27] 

Proposed as a consecutive BESOM-type optimization modeling system for 

supporting energy management  

 

 

The Market Allocation 

Model (MARKAL) 

[5,28–38] 

 

Developed as a large-scale, technology-oriented energy-activity analysis 

model. 

Focus: 

Based on MARKAL, Jiang et al. estimated future consumptions of natural gas 

in three Chinese cities: Beijing, Guangzhou and Shanghai [49]. 

Nguyen examined the economic and environmental impacts of power 

production and capacity expansions in Vietnam [50,51] 

The production of synthetic natural gas from wood in a Swiss methanation 

plant was effectively assessed through the adoption of MARKAL by Schulz et 

al. [52]. 

In Japan, Endo employed MARKAL to analyze the market penetration of fuel 

cell vehicles [53]. 

The MARKAL model was also successfully applied to a number of countries 

and regions for identifying sustainable development strategies and policies in 

South Africa, India, US, and European countries [60,54–82] 

Silversides investigated biomass consumption patterns in a number of 

provinces of Canada, and evaluated their effects on forest management 

practices [83]. 

Huang et al. comprehensively investigated public policy discourse, energy 

systems planning methods, as well as relevant measures towards sustainable 

energy development in Canada [84]. 



28 
 

28 
 

In order to maximize bio-energy production from Lake Winnipeg, Cicek et al. 

evaluated various policies and technologies related to biomass harvesting in 

Manitoba [85]. 

Liebig et al. estimated GHG contributions and the mitigation potentials of 

various agricultural practices in several province of western Canada [86]. 

For examining the effects of fertilizer management on external energy inputs 

and GHG emissions, a grazing experiment was conducted in Brandon, 

Manitoba [87] 

Multiple Energy 

System of Australia 

(MENSA) [39–41] 

Developed to identify the optimal combinations of demand- and supply-side 

technologies with the objective of the lowest economic cost  

The Energy Flow 

Optimization Model 

(EFOM) [54,42–48]. 

Established as an engineering-oriented bottom-up model for energy 

management systems planning and was widely used in European countries  

Long-range Energy 

Alternatives Planning 

System (LEAP), New 

Earth 21 Model 

(NE21), National 

Energy Modeling 

System (NEMS) and 

Energy 2020 [77–84] 

There were also a number of software packages, such as Long-range Energy 

Alternatives Planning System (LEAP), New Earth 21 Model (NE21), National 

Energy Modeling System (NEMS) and Energy 2020, which were developed to 

evaluate environmental and economic effects of energy activities. 

Papagiannis et al. applied LEAP2006 to a number of European countries [85]. 

 

 

2.1.5. Optimization of GHG Emission Mitigation:  

Number of optimization modeling methods were proposed for supporting the management of GHG 

emission mitigation particularly through the adoption of renewable energies [54,125–143]. 

Leledakis et al. [96] says that a Greek island group in the Aegean Sea, evaluated the potential 

distribution of renewable energy resources for reducing GHG emissions in the region of the 

Cyclades. In addition, Bose and Anandalingam [147] presented a goal programming model to 

support energy-policy formulation in Denhi, India. Özelkan et al. [100] proposed a model to 

aggregated multi-criteria decision making problems and Chinese et al. [24] took a nonlinear 

optimization approach for assessing technical and economic feasibility of various renewable-

energy-based GHG reduction schemes in northeastern Italy. Another approach was simulation 

based focusing on management of stand-alone renewable energy systems with hydrogen storage 

equipments (RESHS) by Kélouwani et al. [107]. Based on MILP and a GAMS-based solution 

algorithm Kamarudin et al. [117] proposed an optimum hydrogen delivery network and Dalton et 

al. [113–115] explained the grid/renewable hybrid power supply configurations for a large-scale 

grid-connected hotel in a subtropical costal area of Queensland, Australia. For, small-scale energy 

system Jewett et al [120] proposed a multi-phase, multi-component model based on simulation 

and optimization approaches. Likewise, below [Table 10] shows the great work proposed by 
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different authors in large scale and small scale region, by the effective focus use of algorithms 

and/or optimization models to mitigate the GHG emission. 

[Table 10: Summary of literature review on optimization of GHG Emission Mitigation] 

Author Proposed work/Methodology/Resolution Technique 

Duff (1975) [95] In the middle of the 1970s, Duff presented an optimization model to design solar 

thermal energy systems in accordance with the minimum system cost  

Leledakis et al. 

[96] 

evaluated the potential distribution of renewable energy resources for reducing 

GHG emissions in the region of the Cyclades, a Greek island group in the Aegean 

Sea  

Islam used 

Australian 

Energy Policy 

System 

Optimization 

Model 

(AEPSOM)[125]. 

In order to further support the management of wood residues as an energy source, 

he proposed a dynamic optimization model. As an effective method for 

investigating the role of renewable energy resources for mitigating GHG 

emissions within many EMSs in Australia, the so-called Australian Energy Policy 

System Optimization Model (AEPSOM) was used by Islam. 

Bose and 

Anandalingam 

[147] 

presented a goal programming model to reflect multiple objectives of sustainable 

energy development, which was then applied to the city of Delhi, India  

Lehtilä and Pirilä 

[39]. 

used an optimization model to support energy-policy formulation for GHG 

emission mitigation in Finland  

Martins et al. 

[97]. 

developed a multi-objective, linear programming model for power generation 

planning and demand management to reduce GHG emissions  

Watson and Ter-

Gazarian [98] 

presented an optimization system to study operational and economic impacts for 

incorporating renewable power source utilization and GHG emission reduction 

within a large-scale electricity grid  

Badin and Tagore 

[99] 

proposed an analysis framework to evaluate costs and impacts that might result 

from the incremental production, storage, transport, and use of different fuels or 

energy carriers that could reduce GHG emissions  

Özelkan et al. 

[100] 

proposed a linear quadratic programming model for addressing aggregated multi-

criteria decision making problems in order to maximize hydroelectric power 

generation and to minimize GHG emissions. 

Gopalakrishnan 

et al. [101]. 

proposed an optimization model for the management of stand-alone energy 

systems that consisted of windmills, diesel generators and power storage 

equipment  

Vosen and Keller 

[102]. 

In order to dramatically reduce the costs of energy storage within hybrid energy-

storage systems, a time-dependent model of a stand-alone, solar powered, battery-

hydrogen hybrid energy storage system was developed  

Bojiæ [103] Based on a bottom-up procedure, an energy-module network, and a dynamic 

programming method, Bojiæ proposed an optimization modeling system for 

supporting the management of renewable energies and reduce the usage of high-

carbon fuels  

Suganthi and 

Williams [104] 

developed an optimization model to determine optimum allocation of renewable 

energies among a number of end-users in India  

Iniyan and 

Sumathy [105] 

developed an Optimal Renewable Energy Mathematical (OREM) model for 

renewable energy source utilization and GHG emission mitigation in India  
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Kong et al. [106] adopted a linear programming model to deal with planning problems of the 

combined cooling, heating and power production systems for minimizing the 

associated cost and GHG emissions  

Chinese et al. 

[24]. 

proposed a nonlinear optimization approach for assessing technical and economic 

feasibility of various renewable-energy-based GHG reduction schemes in 

northeastern Italy  

Kélouwani et al. 

[107]. 

developed a dynamic simulation-optimization model for supporting the 

management of stand-alone renewable energy systems with hydrogen storage 

equipment (RESHS)  

Nakata et al [108] In order to investigate efficient ways for green electricity and heat supply in rural 

Japan, Nakata et al. developed an optimization modeling system [159] 

Dudhani et al. 

[109] 

In order to identify the desired renewable energy options for electricity 

generation, Dudhani et al. proposed an optimization allocation model. The model 

was formulated based on linear programming [160]. 

Dufo-López et al. 

[110] 

presented a genetic-algorithm-based optimization model for supporting the 

management of a hybrid renewable electrical system for reducing GHG emissions  

Zouliasand and 

Lymberopoulos 

[111] 

employed the Hybrid Optimization Model for Electric Renewables (HOMER) to 

optimize the replacement of conventional technologies with the ones based on 

hydrogen and fuel cells in remote communities of Europe  

Maøík et al. 

[112] 

Based on artificial neural networks, Maøík et al. developed an optimization model 

to manage a number of energy resources and power generation technologies for 

supporting GHG emission mitigation. 

Dalton et al. 

[113–115]. 

used an optimization modeling system to analyze the technical and financial 

viability of grid-only, renewable energy sources. 

Babu and Ashok 

[116] 

proposed a nonlinear programming model for electricity loading management, 

renewable energy utilization, and GHG emission mitigation in India  

Kamarudin et al. 

[117]. 

proposed an optimum hydrogen delivery network through the development of a 

mixed integer linear programming model and a GAMS-based solution algorithm 

Bernal-Agustín 

and Dufo-López 

[88] 

employed HOMER for supporting the optimal design of hybrid systems that 

consisted of many components, such as a photovoltaic generator, batteries, wind 

turbines, hydraulic turbines and fuel cells under multiple administrative objectives  

Østergaard [94]. provided a thorough review on a series of criteria for the development of 

renewable energy systems and GHG emission reduction  

Fong et al. [118]. used a robust evolutionary algorithm to identify optimal energy-conservation 

strategies within a centralized heating, ventilating, and air conditioning system 

Zhao and Burke 

[119] 

An optimization model was proposed by Zhao and Burke for managing fuel-cell 

based energy systems to reduce GHG emissions. 

Jewett et al [120] In order to optimally design a small-scale energy system for mitigating GHG 

emissions, Jewett et al. proposed a multi-phase, multi-component model based on 

simulation and optimization approaches. 

Lagorse et al 

[121] 

A multi-agent system was presented by Lagorse et al. for supporting energy 

management with the consideration of several distributed power generation 

facilities that could lead to GHG emission reductions. 

Andreassi et al. 

[122] 

developed an optimization model for the management of power distribution 

systems to reduce GHG emissions. 

Frombo et al. 

[123] 

As the basis for an environmental decision support system, Frombo et al. 

developed a linear programming model for the optimal allocation of biomass 

resources. 
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Chicco and 

Mancarella [124] 

Chicco and Mancarella advanced an optimization model for the management of a 

small-scale, tri-generation system to maximize the combined production of 

electricity, heat, and cooling power under minimized GHG emissions. 

Chaturvedi et al. 

[176]. 

used a nonlinear programming model with time-varying acceleration coefficients 

for supporting power dispatchment among various economic sectors  

Ehsani et al. 

[125] 

proposed a mixed integer linear programming model for the planning of power 

generation in a purely competitive market. 

Morais et al. 

[126] 

proposed a mixed integer linear programming model for optimally scheduling 

power generation technologies within a renewable micro-grid power system  

 

After understanding the methodologies and mathematical tool to reduce the GHG emission and 

electricity cost by proper investment. Another very important aspect is the utilization of computer 

software for the design and analysis of hybrid energy system is the natural progression of the 

mathematical models describing hybrid energy system and corresponding step-by-step procedural 

algorithm that becomes adopted and implemented in a given computer software. 

A more rational and exact method of designing and analyzing hybrid energy systems is by way of 

mathematical modelling. A mathematical model utilizes equation to describe the workings of a 

system. After a mathematical model has been created for a system, a computer algorithm can then 

be designed to implement it. Based on a hybrid system performance formulation, a model can be 

structured which can be optimized for a set of decision variables using some type of computer 

algorithm. 

[Table 11: Strength and weakness of software-based hybrid energy system in term of 

availability, Optimization and Focus area] 

HES 

Software 

Latest 

Version 
Manufacturer 

Computer 

Platform 

Optimiz

ation 
Focus 

Availability, Cost  

& Link 

Hybrid2 

 

 

Version 

1.3 

RERL, University 

of Massachusetts 

(Hybrid1 in 1994, 

Hybrid 2 in 1996) 

Windows 

XP Visual 

BASIC 

yes 
Technical analysis; 

economical analysis 

Free 

http://www.ceere.org/r

erl/projects/software 

e/hybrid2/    

 http://www.ceere.org/

rerl/rerl_hybridpower.

html 

HOMER 

 

 

HOMER 2 

Version 

2.81 (Nov, 

2010) 

NREL, USA 

1993 

Windows 

Visual C++ 
Yes 

Technical analysis; 

economical analysis; 

emission analysis 

Free 

www.nrel.gov/homer 

www.homerenergy.co

m 

http://www.ceere.org/rerl/projects/software%20e/hybrid2/
http://www.ceere.org/rerl/projects/software%20e/hybrid2/
http://www.ceere.org/rerl/projects/software%20e/hybrid2/
http://www.ceere.org/rerl/rerl_hybridpower.html
http://www.ceere.org/rerl/rerl_hybridpower.html
http://www.ceere.org/rerl/rerl_hybridpower.html
http://www.nrel.gov/homer
http://www.homerenergy.com/
http://www.homerenergy.com/
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RETScreen 

 

 

RETScree

n 4 and 

RETScree

n Plus 

Developed by 

Ministry of 

Natural 

Resources, 

Canada in 1998 

Windows 

2000, XP, 

Vista Excel, 

Visual 

Basic, C 

yes 
 Financial, environmental 

analysis 

free 

www.retscreen.net 

IMBY - 

NREL's PVWatts 

Calculator, a web 

application 

developed 

- No 

Technical Analysis; 

Economical analysis 

(PV) energy systems 

Free 

http://en.openei.org/wi

ki/In_My_Backyard 

CREST - 

developed and 

validated by the 

Sustainable 

Energy 

Advantage (SEA) 

under the 

supervision of 

NREL in 2010 

- No 

Technical Analysis; 

Economical analysis 

 

www.finanere.nrel.gov

/content/crest-cost-

energy-models 

TRNSYS 
Version 

17.1 

University of 

Wisconsin and 

University of 

Colorado (1975) 

Windows 

Fortran code 
No 

Simulate transient system 

behavior 

Priced 

http://sel.me.wise.edu/t

rnsys/ 

http://www.trnsys.com 

INSEL - 

University of 

Oldenburg 

Germany (1986–

1991) 

Windows 

Fortran and 

C/C++ 

No 

Planning, monitoring of 

electrical and thermal 

energy systems 

Priced 

http://www.insel.eu 

RAPSIM 

 

Version 2 

(1997) 

University of 

Murdoch 

Australia (1996) 

Windows No 

Simulates performance of 

a range of hybrid power 

systems 

https://energy.aau.at/w

ordpress/?p=162 

Unknown, no update  

after 1997 

WebOpt 
Version 

2.5.1.26 

Lawrence Berkley 

Laboratory 

 

Windows 

 

 

Yes 

Technical analysis; 

economical analysis; 

Optimization 

Free 

http://www.der.lbl.gov

/der-cam  

implemented on a 

secure Web Server 

with SSL 3.0 security 

protocol and RC4 40 

bit encryption. 

iHOGA 

 

Version 

2.2 (Nov, 

2013) 

University of 

Zaragoza, Spain 

Windows 

XP, Vista,7 

or 8C++ 

Yes 

Multi or mono objective 

optimization using genetic 

algorithm 

www.unizar.es/rdufo/h

oga-eng.htm 

PRO version is priced 

& EDU version is free  

http://www.retscreen.net/
http://en.openei.org/wiki/In_My_Backyard
http://en.openei.org/wiki/In_My_Backyard
http://sel.me.wise.edu/trnsys/
http://sel.me.wise.edu/trnsys/
http://www.trnsys.com/
http://www.insel.eu/
https://energy.aau.at/wordpress/?p=162
https://energy.aau.at/wordpress/?p=162
http://www.der.lbl.gov/der-cam
http://www.der.lbl.gov/der-cam
http://www.unizar.es/rdufo/hoga-eng.htm
http://www.unizar.es/rdufo/hoga-eng.htm
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RAPSYS - 

University of 

South wales, 

Australia (1987) 

- No 
Technical analysis; 

economical analysis 

designed to suit only 

user who has the pre-

knowledge of Remote 

Area Power Supply 

Simulator (RAPS) 

SOLSIM - 

Fachhochschule 

Konstanz 

Germany 

Windows Limited 
Technical analysis; 

economical analysis 

http://www.fhkonstanz

.de 

Solar 

Advisor 

Model 

Version 

2014.1.14 
NREL, USA 

SAM from 

programs 

written in C, 

Excel VBA, 

and 

MATLAB. 

No 
Technical analysis; 

economical analysis 

Free 

https://www.nrel.gov/a

nalysis/sam 

http://en.openei.org/wi

ki/System_Advisor_M

odel_(SAM) 

GridLAB-

D 

Version 

3.1  

PNNL 

(Pacific 

Northwest 

National 

Laboratory) 

Win32, 

Win64, and 

several 32 

bit Linux/ 

MacOS 

No 

modeling techniques, with 

high-performance 

algorithms to deliver the 

best in end-use modeling 

- 

 

http://www.gridlabd.or

g/ 

 

iGRHYSO 

 

- 
University of 

Zaragoza, Spain 

Windows 

C++ 
yes 

Technical analysis; 

economical analysis 

Priced 

http://www.unizar.es/r

dufo/grhyso.htm 

http://www.unizar.es/r

dufo/grhyso.htm 

SOMES 

 

- 

Utrecht 

University, 

Netherlands 1987 

Windows 

Turbo pascal 
yes 

Technical analysis; 

economical analysis 

Unknown  

http://www.uu.nl/EN/P

ages/default.aspx 

http://www.web.co.bw

/sib/somes_3_2_descri

ption.pdf 

SOLSTOR 
- 

SNL (late 1970s 

and early 1980s) 

Windows 

Fortran 
yes Technical Analysis 

Not used now 

 http://www.sandia.go

v/ 

HySim - SNL (late 1980s) – - Financial analysis 
After mid 1990s this 

model is not used 

HybSim - SNL – - Cost benefit analysis  Unknown 

IPSYS – – 
Windows, 

Linux 
- 

Modeling; simulation 

with control strategies 

Unknown www.risoe.d

tu.dk 

http://www.fhkonstanz.de/
http://www.fhkonstanz.de/
https://www.nrel.gov/analysis/sam
https://www.nrel.gov/analysis/sam
http://en.openei.org/wiki/System_Advisor_Model_(SAM)
http://en.openei.org/wiki/System_Advisor_Model_(SAM)
http://en.openei.org/wiki/System_Advisor_Model_(SAM)
http://www.gridlabd.org/
http://www.gridlabd.org/
http://www.unizar.es/rdufo/grhyso.htm
http://www.unizar.es/rdufo/grhyso.htm
http://www.unizar.es/rdufo/grhyso.htm
http://www.unizar.es/rdufo/grhyso.htm
http://www.uu.nl/EN/Pages/default.aspx
http://www.uu.nl/EN/Pages/default.aspx
http://www.web.co.bw/sib/somes_3_2_description.pdf
http://www.web.co.bw/sib/somes_3_2_description.pdf
http://www.web.co.bw/sib/somes_3_2_description.pdf
http://www.sandia.gov/
http://www.sandia.gov/
http://www.risoe.dtu.dk/
http://www.risoe.dtu.dk/
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HYSYS - 

Wind technology 

group(CIEMAT), 

Spain 

Version 1.0 

(2003) 
- 

Sizing; long-term analysis 

of off grid hybrid systems 
Unknown 

Dymola/ 

modelica 
- 

Fraunhofer 

Institute for solar 

energy, Germany 

Windows 

C++ 
- 

Modeling hybrid systems; 

financial evaluation 
Unknown 

ARES - 

Cardiff school of 

engineering, 

University of 

Wales, UK 

Windows - 
Technical analysis; 

economical analysis 
Not available 

 

2.2. Sustainability awareness growth and policy adoption.  

In the previous chapter, the paper explained the reason why efforts are made to upgrade the 

electricity grid to better accommodate intermittent sources like solar and wind would help, as 

would development of better energy storage technologies. Further, discussed regarding the vital 

issues poisoning the atmosphere. Then gave a brief introduction about the tool used for 

optimization purpose i.e. DER-CAM (Distributed Energy Resources Customer Adoption Model) 

which is a decision support tool for investment and planning distributed energy resources (DER) 

in buildings and microgrids. In order to utilize the distributed energy resources in different 

configuration, effectively in any site, we need to understand its primary characteristics/applications 

that are:-  

 Premium power: reduced frequency variations, voltage transients, surges, dips, or other 

disruptions 

 Back-up power: used in the event of an outage, as a back-up to the electric grid 

 Peak shaving: the use of DER during times when electric use and demand charges are high 

 Low-cost energy: the use of DER as base load or primary power that is less expensive to 

produce locally than it is to purchase from the electric utility 

 Combined heat and power (cogeneration): increases the efficiency of on-site power 

generation by using the waste heat for existing thermal process 

Now, after understanding the applications, modeling can help during the process of determining 

the end use of a building or process based on computer simulations that focuses on energy 

consumption, utility bills and life cycle expenses of different energy related items, for example, 

air conditioning, lights and hot water. Further, it can assess potential choices and the payback of 

green energy solutions like solar panels and photovoltaics, wind turbines and high efficiency 

appliances and achieve long-term goals. 

Combined Heat and Power ordinarily utilizes underground natural gas lines that are sheltered from 

most reasons for power blackouts by both storm and non-storm occasions. Installing CHP avoids 
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loss of electricity at critical infrastructure including: Hospitals, Security Command Centers, Data 

Centers, Prisons and Jails, At Facilities utilized as asylum and at other crucially essential areas. 

States are executing numerous strategies that influence the financial aspects of energy efficiency, 

renewable energy and combined heat and power (CHP). 

 

2.2.1. EPA Energy and Environment Guide to Action: Policy Description and 

Objectives 

a. Such policies make investments more appealing by decreasing cost barriers, lowering risk, and 

lessening regulatory compliance costs. These strategies can bring down investment dangers; 

increment the pace of adoption; and create stronger markets for energy efficiency, renewable 

energy, and CHP.  

The funding and financial incentive guide guarantees that renewable energy is delivered, 

determines which technologies are utilized, and offers incentive to install [207]. 

[Table 12: How States are helping and encouraging for Clean and Energy efficient 

environment] 

Direct Cash 

Incentive 

State allow programs cover a wide scope of exercises, and may finance framework 

establishment costs, innovative work, business and foundation advancement, framework 

showing, and feasibility studies 

Tax Incentive 

Tax incentives can be utilized to decrease wage, property, or sales taxation rates, 

consequently making interests in energy proficiency, renewable energy, and CHP more 

appealing. Texas forces (March 2015): Sales Tax Incentive and Property Tax Incentive 

Loan/Financing 

Loans and financing programs give a wellspring of subsidizing to those upfront expenses, 

usually at favorable interest rates or loan terms. The Texas LoanSTAR program is intended 

to give low-interest loans to finance  energy effectiveness retrofits in state public offices 

Green Banks Refer [207], page 2-3 

 

b. State and local governments are executing a scope of approaches like policies and programs that 

propel clean energy within their own facilities, fleets, and operations. These "lead by example” 

initiative help state and local governments accomplish significant energy cost savings and 

greenhouse gas (GHG) reductions while advancing adoption of clean energy technologies by the 

general society and private segments 

Substantial energy and cost savings can be achieved through energy-efficient improvements in 

public facilities. DOE’s State Energy Program has implemented energy-efficient retrofits in more 

than 150 million square feet of state and local buildings, resulting in annual cost savings of more 

than $250 million (DOE 2014b). 

Lead by Example Program: 
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      [Table 13: Lead by Example Programs for Universities/Hospitals etc.] 

Program Goal State Ref 

State Clean 

Energy plans 
Clean energy  California, New Hampshire and Texas  

Energy 

Saving Target 

Energy Saving, expressed as percentage 

targets with calendar milestones (e.g., 

reducing energy use per square foot by 20 

percent by 2010)  

Connecticut, California, Minnesota, New 

Hampshire, New York, Vermont, and others 

have also adopted energy savings targets.  

[182] 

Energy 

efficiency 

performance 

standards 

States and localities are establishing 

sustainable design principles that 

incorporate energy efficiency criteria in 

performance standards for new and 

renovated buildings and Facilities. 

2013, 16 states have set energy efficiency 

targets for public facilities (NCSL 2013) 
[183] 

Energy-

efficient 

purchasing  

 

States are setting minimum energy 

efficiency specifications for a range of 

products (e.g. appliances, office 

equipment, green fleets of vehicles that 

use alternative fuels) 

States establish procurement policies that 

require vendors to provide them with 

products that have earned ENERGY 

STAR certification. 

 

Alabama, Arizona, California, Colorado, 

Connecticut, Delaware, D.C., Hawaii, 

Illinois, Kentucky, Louisiana Maryland, 

Massachusetts, Michigan, Nevada, New 

Hampshire, New Jersey, New York, North 

Carolina, Texas, Vermont, and Virginia 

[184] 

Energy-

efficient 

public 

housing 

Clean energy in public housing and other 

residential buildings through measures 

such as establishing minimum 

performance criteria 

[184] 

Clean energy 

generation 

and 

procurement 

Opportunities: To generate clean onsite 

power, such as CHP systems, and to use 

clean onsite generation technologies for 

backup or emergency power. 

State and local agencies have established 

clean energy supply targets that are met 

through onsite generation or by purchasing 

green power electricity or renewable energy 

certificates. 

[184] 

Innovative 

financing 

Revolving loan funds, commercial PACE 

financing, tax-exempt master lease-

purchase agreements, lease revenue 

bonds, pension funds, and performance 

contracting  

States are developing a wide range of 

innovative financing mechanisms. 

 

[184] 

Technical 

Support 

State provide Technical assistance, 

training and evaluation support state and 

local agencies and facility operators. 

California’s Energy Partnership program [184] 

 

 

 

Interaction with Federal Policies:  

Several kinds of federal policies and programs can interact with incentive and financing programs. 

These programs offer technical assistance, technical specifications for eligible products or projects, 
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federal funding, and opportunities to coordinate delivery of state efforts with regional and national 

programs 

   [Table 14:  Shows the CHP partnership opportunity programs with examples] 

Programs Description 

ENERGY 

STAR 

Since late 1990s, EPA has worked to deliver the objectives to increase energy efficiency, 

maintain electric reliability, and improve environmental quality. 

Green Power 

Partnership 

A voluntary program developed by EPA to boost the market for green power resources. (does 

not provide funding).  

Example: The Western Pennsylvania Energy Consortium, which won a Green Power Purchasing 

Award in 2009, seeks to save the city of Pittsburgh and Allegheny County money on their 

electricity bills 

Combined 

Heat and 

Power 

Partnership 

The Partnership works closely with energy users, the CHP industry, state and local governments, 

and other clean energy stakeholders to facilitate the development of new projects and to promote 

their environmental and economic benefits.( does not provide funding)  

Example. EPA’s CHP Partnership helped develop a CHP project with Texas A&M University. 

The system can operate during a power outage to the grid, ensuring that the university can 

maintain critical operations, such as emergency housing, research facilities, and a veterinary 

hospital, without grid power 

DOE Better 

Buildings 

Challenge 

The Better Buildings Challenge is a voluntary leadership initiative that highlights leaders who 

have committed to upgrading buildings and plants across their portfolio and providing their 

energy savings data and strategies as models for others to follow 

 

As explained above regarding different EPA policies, as it make investments more attractive by 

reducing cost barriers, lowering risk, and reducing regulatory compliance costs. Therefore, below 

are some examples which adopted the policy programs and turned to save enough energy, cost and 

emission [Table 15]. 

[Table 15: Literature review on different sites adopting sustainable initiation for energy 

efficiency] 

Example 
Initiation/ 

Program 
Challenge Solution Savings 

Melbourne 

Cricket field, 

Austin [176] 

 

Energy efficient 

upgrade proposed  

(commenced in 

May 2014) 

n/a 

• low-energy lighting 

technologies. 

• building management 

system. 

• Implementing changes 

to heating and ventilation 

systems. 

• Installing new chilled 

water systems and 

modernized room control 

systems. 

Energy & Emission  

cut water usage by 5%  

lower utility cost by 

20% 

resulting in 19% less 

CO2 emission  

Generating enough 

energy savings 

annually to power 835 

houses. 

Marriot 

Hotels, in 

Europe 

Energy 

Optimization  

(2013-2015) 

n/a 

a performance 

optimization upgraded in 

20 facilities 

Energy audits 

cutting CO2 18,000t/a 
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[177] 

 

electricity cost by 5.5 

million euro/a 

Radio 

Bremen, DE 

[178] 

State-of-art-

Technologies 

(broadcaster’s 

high availability)  

(2016) 

 

n/a 

The building features 

modern solutions : 

condensing boilers,  

quantum chillers,  

underground well 

cooling systems,  

concrete core cooling and 

heat recovery 

Saved: 20% gas and 

20% CO2 

 

Hamburg 

University of 

Applied 

Science 

 [179] 

First German 

universities of 

applied sciences 

Performance 

contracting  

(2016) 

n/a 

More than 250 workers 

replaced 20 HVAC 

Systems and 9000 lights 

in three shifts 

 

Energy ,Cost and 

Replacement: 

 

27% Energy saved 

worth saving 

500,000Euro/a 

 

WAFI Mall, 

Dubai ,UAE 

 [180] 

Energy 

Optimization 

including Demand 

flow management 

(2014) 

Steadily increasing 

energy prices, lead to 

make operations as 

efficient as possible 

and save energy 

costs. 

 

Gigantic, luxurious 

shopping, entertainment 

and leisure complex. 

Optimize the 

performance of the 

HVAC system without 

compromising comfort 

and safety 

 

Utility Cost: 

320,000euro/a  

CO2 emission 

reduced upto 1,800t/a  

Return on investment 

37% (Internal Rate of 

Return), Payback of 

2.5years 

City of 

Westfield, 

USA 

[181] 

Modernized 

Infrastructure 

(2015) 

The aging steam 

heating system 

Upper Campus, 

classroom windows 

were left open in 

December to provide 

relief from an 

overworked steam 

boiler system. 

Energy Audit indicated 

that the buildings were in 

tough shape. 

Updating antiquated 

HVAC systems and 

installing a City-wide 

energy management 

system were the main 

areas of focus. 

Upgraded all 18 

buildings. 

reduced energy span 

59%  

Reduced heating Fuel 

39% 

 

After briefing the program, incentives and partnership, the next step in the thesis is to understand: 

 Why DG/CHP is utilized in a variety of industrial facilities and commercial buildings with 

coincident power and thermal loads?  

 Its benefits?  

 Types of CHP?  

 University Case Studies ,  

 Optimum investment options to make UH Campus more sustainable,  

 Options which can be implemented considering the Case studies. 
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2.3. CHP Technical Potential in the US:  

The Opportunity for CHP in the United States assesses state financial capability of CHP that could 

be served by natural gas local distribution organizations. Past studies on CHP potential have 

assessed the technical capacity of facilities to use CHP innovation for its electricity and thermal 

needs, providing an estimate of technical potential.  

The technical potential is an estimation of market size constrained only by technological limits; 

the capacity of CHP technologies to fit client energy needs without regard to monetary or market 

factors.  

Below [Figure 9] indicates both existing CHP and estimated technical potential limit for on-site 

CHP in the most transcendent divisions. It is gathered in states with large population centers 

(leading to a large amount of commercial facilities) as well as a strong industrial presence. 

 

 

 

               [Figure 9: Existing CHP compared to On-site Technical Potential by Sector] 

The total CHP technical potential in the U.S. on a state-by-state basis. On-site CHP potential 

includes industrial, commercial, and waste heat to power at the host facility. Export potential 

includes all electricity in excess of what can be used by the host facility and that could be sold to 

the electric grid, including district energy with CHP potential. Below Table 16 displays the on-site 

potential as 13,675 MW and total export potential is 12151 MW, which gives the equivalent CHP 

potential 25,862MW for Texas [197] 

 

             [Table 16: Total U.S.CHP Technical Potential across all states] 
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Main Features / Technologies: 

Distributed Generation: Combustion engines, fuel cells, micro-turbines, CHP, photovoltaic, solar 

thermal panels, wind turbines 

Energy Storage: Stationary storage, electric vehicles, heat storage, cooling storage 

Energy Management: Demand response, load shifting, load shedding  

Passive technologies: Building shell replacements (windows, doors, insulation) 

 

Basic Terminology: 

Distributed Generation: Distributed electric power generators either renewable or not. These 

units are often directly connected to the distribution network or customer side of the meter. They 

are small is size as compared to conventional power plants. Wind Turbines, Gas and Internal 

combustion engine (ICE), PV systems, Fuel cells (FC). The technology choice for installation may 

depend on maturity, space requirement, economic and technical assessment.  
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CHP systems: Enhance the efficiency of fuel use and provide local power supply and income for 

operators, decreasing energy losses. They are the most promising Distributed Energy Resources 

(DER) and either electricity driven or heating driven. 

Distributed Energy Storage includes electric small-size storage devices such as batteries and 

electric vehicles (EV). It is mostly used in order to decrease disadvantages related to intermittent 

nature of renewable energy generation sources, which has effects on the stability of the grid and 

availability of power. 

Distributed Energy Management reduce electricity related costs aiming at controlling locally 

DG, DS and load. It refers to energy efficiency measures, demand side response (DSR) which 

consists of several methods are enabled by the availability of data coming from sensors and meters. 

Heating and cooling technologies are fundamentals element to achieve the interaction and 

optimization of different energy carriers like CHP system shows the link b/w electricity, heating 

and cooling. Include solar thermal, Heat Pumps, hot water boilers, Heating, Ventilating, air 

conditioning and refrigeration (Refrigeration is the process of cooling a space or substance below 

environmental temperature), Electric heating, and thermal energy storage system. 

 

2.3.1. On-site Commercial CHP Framework also includes (Commercial, 

Institutional, and Multifamily Buildings) 

Colleges/ Universities: -  

Like hospitals, schools and universities have coincident power and thermal loads that are often 

optimal for CHP frameworks/system. Usually university or college campus has high thermal load 

for conditioning dormitories, classrooms and research labs. These frameworks are frequently 

served by central utility plants with chilled water and steam or hot water distribution systems. The 

average school or college CHP system is around 10MW. The majority are fueled by natural gas 

and use boiler/steam turbines, combustion turbines, or reciprocating engines as prime movers.  

CHP sizing for commercial CHP: The optimal approach to size a CHP framework for a facility is 

by matching the thermal output of the system to the baseload thermal demand of the facility. The 

thermal load will once in a while surpass electric demand like in some industrial plants, in most 

cases, the system won't require to be constrained to match on-site power needs. In this manner, the 

key difference for commercial building is that these sites won't typically export power, and they 

will frequently require supplemental utility electricity during hours of operation. 

 

 

 

Technologies and Fuel Types for Commercial CHP 
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Technologies: Prime movers with bigger segments of commercial CHP capacity (boiler/steam 

turbines, combined cycles and combustion turbines) can be found at commercial buildings that 

have higher electric and thermal demands. These commercial buildings include hospitals and 

universities/colleges. 

Fuel Types: 

 Natural gas serves as the primary fuel for 75% of commercial CHP installations (over 1,900 

installations) and accounts for 67% of capacity (7.7GW).  

 Biomass and waste also make up significant portions of both installations and capacity, 

being common fuels for use at waste water treatment and solid waste facilities.  

 Three commercial building types use 87% of the coal burned in commercial CHP systems: 

utilities, district energy systems, and universities 

 

b. District Energy CHP [185]: 

 Significantly extend the measure of thermal loads potentially served by CHP  

 Reduce the necessity for size and capital investment in production equipment due to the 

"diversity" of purchaser loads. 

 Use larger and more efficient equipment and can exploit such things as thermal energy 

storage that aren't monetarily powerful on a small scale. 

 Though district energy systems aggregate thermal loads of multiple customers, they cannot   

generally give electricity to similar customer in view of utility franchise laws.  

 District energy systems are not generally incorporated with CHP systems; be that as it may, 

consolidating district energy with a CHP system can be a one of a kind chance to give both 

thermal and power, serving numerous customers and energy needs at once. 

 

Colleges/Universities:  

 IDEA at present gauges that there are around 220 district energy systems on college and 

university campuses that do not consolidate CHP and 136 system that do. Schools and 

colleges have extensive thermal demands that make district energy systems a pragmatic 

decision for dispersing steam around campus. By fusing CHP, schools and universities can 

build their productivity, generate their own particular power, and catch more waste heat to 

serve their thermal needs. 

 CHP sizing 

 The larger part of district energy CHP potential is found in the >20MW size bin, which 

contains 51 of the systems and 10.5GW of the aggregate 10.6GW. District energy systems 

greater than 20MW will frequently be huge, downtown systems serving various clients in 

a geological region (page 31 and 77) [186] 
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The evaluated technical potential for CHP in Texas is roughly 25,826 MW according to 2016 

report and By fusing CHP, schools and colleges can build their efficiency, produce their own 

power, and catch more waste heat to serve their thermal needs, as it increment the effectiveness of 

power plants. Standard power plants effectively utilize only 40 percent of the fuel they burn to 

produce electricity. 60% of the fuel used as a part of the electric production ends up being rejected 

or "squandered" up the smokestack. And, uses this reject heat to heat, cool, and/or dehumidify 

buildings in an encompassing territory through a district energy system, sometimes doubling 

efficiency. Combined heat and power is only possible when there is an area close to the plant that 

has a requirement for the thermal energy a downtown region, a college campus or an industrial 

development. 

Data are provided nationally by CHP system size range, facility type, and location. Each state’s 

technical potential is also delineated by these characteristics. Which further gives two reason to 

understand why CHP is highly efficient  

1. It is located right near where the energy is used, so less gets lost in power lines along the 

way.  

2. It captures and recycles thermal energy that would otherwise be wasted. 

Different case studies were done with the goal of reducing GHG emission and electricity cost, for 

example hybrid UPS system was used which saved the annual cost by 20% to 44% at data center 

reported by ICF 2015. Also, performance assessment shows the energy security, where the CHP 

system ran in the islanded mode due to proper DER planning and management. Likewise, below 

[Table 17] shows different case studies with their goal, methodology and performance assessment. 

And [Table 18] shows some award winning universities who adopted policies. 

[Table 17: Summary of case studies mainly focusing on reducing GHG emission & 

electricity cost] 

Site Goal Methodology Performance Assessment 

Demonstration of a CHP 

at a data center (Energy 

Research and 

Development Division 

Final Project Report 

2015 

(ICF International, 

California Energy 

Comission) 

Hybrid UPS 

system, which 

was recently 

introduced by 

Capstone 

Turbine 

Corporation 

the Hybrid UPS technology 

was configured for CHP 

operation using a Thermax 

absorption chiller. 

Reduce annual costs by 20% to 

44% depending on the operating 

schedule and prevailing utility 

rates.  These cost savings are 

achieved with the CHP Hybrid 

UPS system while continuing to 

meet data center power reliability 

requirements. 

Office Building: BP 

Helios Plaza data center 

(Houston, TX) 

First LEED Platinum 

Bldg  Houston 

4.3 MW CHP 

Plant: 

Gas Turbine  

 

Heat Recovery Steam 

Generator  

1350 ton absorption chiller  

4,000 ton-hr thermal energy 

storage 

Dual electrical feeds: 

Base load from Gas Turbine  

100 kW from utility 
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Institutional: The 

University of Texas 

(Austin, TX) 

137  MW (65 

MW peak) 

natural gas CHP 

2 gas turbines – 77MW • 4 

steam turbines – 62MW • 4 

chiller plants – 48,000 tons • 

TES tank – 4 million gallons 

90+%efficiency  99.9998% 

reliability in last 35 years 

Emission Eliminates 91,267 

tons/yr 

CaseStudies: Mississippi 

Baptist Medical Center 

(Jackson, MS) 

3.2 MW gas 

turbine CHP 

system – 

installed 1994 

Steam used for hot water, 

sterilization and absorption 

chillers 

Grid down for 52 hours starting 

August 29, 2005 due to Katrina 

Energy security: CHP system ran 

islanded and provided power, hot 

water and air conditioning 

ELDEV (funded by the 

Mid-Norway Business 

Research Fund) 

2008-9  

 

focused on using 

financial engineering to 

improve business 

practices at power 

companies. [163] 

To assess the 

likely generating 

capacities of 

wind farms at 

promising sites, 

power company 

uses anemometer 

to measure the 

wind speed at 

those locations.  

The seasonality-based 

approach that was developed is 

novel in that it preserves the 

autocorrelation structure of 

wind speeds and directions 

while modelling electricity 

prices accurately via a mean-

reverting jump-diffusion 

(MRJD) process 

Using artificially removed data 

from the Geitvassfjellet site, the 

researchers demonstrated that the 

proposed methodology is able to 

restore accurately the probability 

density function of the annual 

revenues from a proposed wind 

turbine  

 

 

[Table 18: Summaries of universities that adopted CHP and Clean Energy Policies] 

 

Examples Award Winning sites 

Site & Award Goal Methodology 
Performance 

Assessments 
Texas Medical Center, 

Houston, Thermal Energy 

Corp. (TECO). 

[187] 2015 

Award: EPA honored TECO 

as one of three recipients of 

the 2015 Energy Star CHP 

Award for its use of this 

technology 

TECO needed to add capacity 

to better serve its clients for the 

next two decades. (a reliable, 

cost-effective, being efficient 

& environmentally 

responsible) 

 

 

Gas turbine manufactured by GE 

that generates 48 MW of 

electricity, and a heat recovery 

steam generator manufactured by 

Express Technologies, which 

captures heat from the turbine’s 

exhaust. 

 

Saved $200million over 

15 years,  

Increased overall fuel 

conversion efficiency 

from 42% to 80% 

not depend on the 

electricity grid, which 

gives it a high degree of 

reliability. 

Texas A&M University 

[188]  2013 

 

Award: $10 million DOE 

grant awarded to TAMU 

helped fund the 

project,  District Energy 

CHP Award 

To meet the planned electrical, 

heating and cooling load 

growth of the Campus. Install a 

45 MW Combined Heat and 

Power (CHP) system replaces 

the previous generation of CHP 

equipment and collectively 

with an existing 5 megawatt 

steam turbine generator. 

CHP system consists of a GE 

LM2500 +G4 natural gas fired 

combustion turbine with a 210,000 

lb per hour EIT heat recovery 

steam generator, together with a 

Dresser‐Rand backpressure steam 

turbine. 

The system serve 23 

million gross square feet 

of facilities and over 

5,000 acres on the 

TAMU campus and 

operates at a heat rate of 

8,100 mBtu/ MWh and 

at approaches 70% 

efficiency.  

University Of Texas , 

Austin, 2014 

Award: The U.S. 

Department of Energy 

(DOE), a $12 million grant 

Improve geologic CO2 storage, 

which is a key technology for 

mitigating GHG emissions 

from fossil fuel consumption 

especially from coal and 

natural gas used to generate 

CHP plant of 78 MW to meet 

projected campus load. Natural 

Gas for Combustion Turbine 

Generators (CTG’s) and Industrial 

Boilers. The exhaust hot gases are 

directed to produce steam for the 

Saving $130,000/yr  

reduce NOx, will 

provide 100% ROI in 

under 20 years 
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to fund carbon storage 

research 

[189], [190] 

 

electricity. Reduce 30 % by 

2030 

Steam Turbine Generators 

(STG’s).  

These turbines also use steam 

coming from the Boilers. Electric 

power generated is used for 

Campus needs and produce the 

cooling for the 17 million square 

foot Campus. 

Emissions of carbon 

dioxide have been cut 

by 85,850 tons per year 

The University of north 

Carolina at Chapel Hill 

Founding partner of the EPA 

Combined Heat and Power 

Partnership. [191]  2011 

UNC turns to coal-fired 

cogeneration to meet growing 

campus energy needs. The 

economics pointed to using 

CFB. CFB reduces emissions 

of acid rain-producing 

components such as NOx and 

SO2 

Electric Capacity: 28 MW  

Heating Capacity: 900,000 

lbs/hour Cooling Capacity: 33,100 

tons 

69% efficient. 

Reduces CO2 output by 

10,620 tons 

Provides 18,000 tons of 

ash which is recycled as 

material for structural 

fill and other projects 

Cornell University 

 

EPA collaboration and 

Energy Star CHP Award 

winners 

[192, 193] 2011 

Reducing its carbon dioxide 

emissions to 20–30% below its 

1990 levels by 2012 

 

14 MW CHP system installed at the 

University of Massachusetts 

Amherst. The 10 MW Solar 

combustion turbine, heat recovery 

steam generator, 4 MW steam 

turbine and three natural gas-fired 

boilers replace coal-fired boilers 

dating back nearly 80 years 

2009: Improve its energy 

infrastructure and reduce carbon 

dioxide emissions with the addition 

of 30 MW of new CHP capacity 

2011: retired two coal boilers 

Operating efficiency of 

nearly 79%, the CHP 

system requires ~ 29% 

less fuel than a typical 

energy supply system.  

2012: Previously 

burned 59,000 tons of 

coal each year now the 

CHP system prevents an 

estimated 81,000 tons 

per year of carbon 

dioxide emissions, 

equivalent to emission 

from more than 15,000 

passenger vehicles. 

University of Missouri 

[195] 2014: a leader in 

using renewable electrical 

energy on its campus. 

2010: EPA Energy Star 

Combined Heat and Power 

(CHP) award recipient 

2008: Energy Efficiency 

award from the National 

Wildlife Federation 

2004: International District 

Energy Association’s 

System of the Year award,  

2001 Energy Star Partner of 

the Year award. 

CHP system to reduce 

CO2 emissions by an 

estimated 107,000 tons per 

year. 

Adding a new biomass boiler 

to our CHP system. 

In 2012, 34 kilowatt solar 

photovoltaic (PV) panel array and 

20 kilowatt wind turbine on 

campus  

In early 2014, a solar thermal 

system was installed to collect 

heat from the sun to heat make-up 

water for the CCHP plant.  

Uses nearly 38 percent 

less fuel than typical 

systems using onsite 

thermal generation with 

purchased electricity. 

Over the past 20 years, 

MU has saved an 

average of $6.6 million 

annually. 
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CHAPTER 3 

 

SAFE MODEL 

All the above section followed a systematic approach to make the reader understand what exactly 

todays issues are when we discuss about climate change, the possible identification for the urban 

energy planning model sites where building demand nodes can become cogeneration supply nodes, 

considering four main steps in the model [1] construction of building load profiles, [2] 

characterization of technology scenarios, [3] matching of demand profiles with cogeneration 

supply, and [4] Estimation of cogeneration benefits. In the journey of green energy government 

also introduced some policies [chapter 2] to make investment more attractive and lower the cost 

barrier. It also explains that there is an excessive strain on electricity grid, and matter of concern 

is that the grid is massively overbuilt and underutilized. This directed the research towards storage 

and proper investment planning. Later, the overview and different configuration of DER 

(Combined heat and power/Cogeneration) and its advantages were explained. In this chapter we 

will be focusing on design process after the clear objective and purpose [figure 10] discussed 

earlier. Based on the studies, the model, methodologies and mathematical tool (performance 

metrics) was identified as a SAFE Analysis features [Table 23] shows the essential parameters for 

a system to offer low-carbon resilient energy and cost effective services require complex 

optimization of design process, equipment choice and efficient operations. The type of our 

optimization model is of type EFOM-ENV (Energy flow optimization model-Environment) [194], 

[Table 19]. 

                     

 

            [Figure 10: Objective and Purpose of SAFE model]                 
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3.1. Detailed description of DER-CAM optimization tool 

Since nearly fifteen years, the Lawrence Berkeley National Laboratory (LBNL) has been 

developing the Distributed Energy Resources - Customer Adaption Model (DER-CAM). The goal 

of this mixed integer linear programming (MILP) model is to minimize the total, annual costs or 

CO2 emissions for providing energy services to a given building or microgrid, from the client 

perspective. For this optimization a couple of technologies are considered as combined heat and 

power (CHP), photovoltaic (PV), solar thermal (ST) or electric, heat or cold storage. 

DER-CAM is a mixed-integer linear program implemented in GAMS that solves the commercial 

building. DER investment optimization problem given a building's end-use energy loads, tariff 

structures and fuel prices, and an arbitrary list of equipment investment choices. The approach is 

completely technology-neutral and can incorporate energy purchases, on-site conversion, both 

electrical and thermal onsite harvesting, and end-use efficiency investments, for example, the 

installation of more efficient lighting or protection. Moreover, framework decision considers the 

synchronization of the building cooling issue, i.e., results reflects the benefits of displacements of 

electricity demand by heat-activated cooling that brings down building peak load and, hence, the 

generation requirements. Regulatory (e.g., identifying with emission constraints), engineering, and 

investment limitations are altogether considered. Energy expenses are computed utilizing a 

detailed utility tariff structures and fuel prices and in addition amortized DER investment costs 

and operating and maintenance (O&M) expenditure. The output from DER-CAM is a cost-

minimizing equipment combination for the building, including CHP equipment and renewable 

sources along with an optimal equipment operating schedule that can serve as the basis for a 

microgrid control technique. This paper reports utilizes recently added electrical storage 

capabilities, in which both electrical and thermal storage are viewed as inventories. At every hour, 

energy can be either included (up to the maximum capacity) or withdrawn (down to a minimum 

capacity to avoid damaging deep discharge). The rate at which the state of charge can change is 

constrained, and the state of charge decays hourly. 

DER-CAM Web Optimization 

DER-CAM Web Optimization alludes to the services that incorporates the DER-CAM model with 

web-based user interface. This online platform encourages the handling of input data and 

optimization parameter before running the algorithm on a dedicated server facilitated at LBNL. It 

likewise empowers graphical representation of the results and sending out them by means of email. 

To simplify, the DER-CAM Web Optimization will basically be referred to as DER-CAM all 

through this report (current version is 4.1.4.4), and gives examples of its functionalities and 

options. 

Objective 

This chapter began with three major goals: 
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1. To conduct detailed analysis to find the optimal equipment combination for microgrids at a 

College in San-Francisco, California. 

2. Using SAFE analysis approach to find Electricity only cost and GHG emission reduction using 

bars. 

3. Understand how the formulations are related to optimization. 

 

SANKEY Diagram  

                 

         [Figure 11: Schematic of the energy flow model used in DER-CAM] 

 

The key objective of the energy model as shown via SANKEY-diagram [Figure 11] is to 

understand the end-uses of the site, like: 

 Electricity-only loads, e.g. lighting and office equipment;  

 Cooling loads that can be met by electricity powered compression, heat activated 

absorption cooling (using waste or solar heat), direct-fired natural gas absorption, or 

mechanical chillers;  

 Hot water and space heating loads that can be met by direct natural gas combustion, waste 

heat recovery, or solar thermal heat; and, 

 Natural gas-only loads, e.g. mostly cooking that can be met only by natural gas. 



49 
 

49 
 

Technically,  DER-CAM  is  a  mixed-integer  linear  program  (MILP)  written  and  executed  in  

the General Algebraic Modeling System (GAMS) using the CPLEX solver, it has two main 

branches: 

a. Investment and Planning DER-CAM 

 Considers hourly loads of representative day-types based in historic or simulated 

data 

 Finds optimal investment decisions for a representative year, or investment timeline 

up to 20 years in the future. 

 Investment decisions are based in a bottom-up approach; optimized dispatch for 

representative    

 Day-types. 

 Technologically neutral 

b. Operations DER-CAM (for Model Predictive Controllers) 

 Considers higher resolution time steps (1 min to 1 hour) 

 Finds Optimal dispatch of local energy resources on a week-ahead basis 

 Uses existing load information and weather forecasts to forecast loads 

 Can be used to feed data to microgrid controller (e.g. SCADA systems) 

GAMS 

The DER-CAM models are modeled in the General Algebraic Modeling System (GAMS). This 

software is made for modeling and solving linear, nonlinear and mixed integer optimization 

problems. Its programming language is formally similar to C language, also refer 

[https://www.gams.com/] website for its documentation. 

A typical structure for a GAMS model consists of: 

 • Sets: The indices of variables are called sets. The sets are declared by name, description and 

containing labeled items. 

• Input Data (parameters, tables): Every set can have one or more assigned values for its items. 

This allocation can be done by using one sets’ table (parameter) or more sets in one table (table). 

All these data represents the input of the model.  

• Variables: After defining the sets and its associated values, the decision variables for equations 

are defined and an initial state can be allocated.  

• Equations: The construction of the model is done by defining equations for both boundaries and 

technology description. The objective function, which is a top level equation, is also defined here. 

3.1.1. DER-CAM Optimization Model 

The high-level optimization formulation which is utilized as a part of the DER-CAM model which 

follows the standard linear programming approach (Stadler et al., 2012): 
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 min 𝑓 = 𝑐𝑇 ∗ 𝑥 = (
𝑐1

𝑐𝑛
)

𝑇

∗ (
𝑥1

𝑥𝑛
) = 𝑐1𝑥1 + ⋯ + 𝑐𝑛𝑥𝑛     ----------------------------------

equation (1) 

For this approach, the objective function is f, which can describe a cost or CO2 emission 

minimization. The decision variables x can be varied to find the minimized solution.  

By using the constraint 

  𝐿 ≤ 𝑥 ≤ 𝑈                                               ------------------------------------equation (2) 

The second equation (2) constraints the variable x by defining a lower (L) and upper (U) limit. In 

DER-CAM, constraints are used for example to define the available roof area for photovoltaic 

installation. 

Below, study [Table 19] explains the significant work done concentrating mainly on the DER-

CAM optimization model using different strategies. As, authors like, Yen-Haw Chen, Su-Ying Lu, 

, Yung-Ruei Chang,  Ta-Tung Lee, Ming-Che Hu worked for smart grid system, and utilized 

energy management methodology as a result they were able to demonstrate optimal capacity of 

both battery efficiency and power supply. In the same way, Maria BRUCOLI with other authors 

focused on storage understanding the multicarrier energy system interaction. In addition, G. 

Cardoso worked on a novel approach of Electric Vehical used to address scheduling problems and 

DER investments. 

[Table 19: Summary of different methods to incorporate distributed energy resources 

using DER-CAM optimization model] 

Author & year Focus Methodology Result 
Girish Ghatikar,, 

Salman Mashayekh, , 

Michael Stadler,  

Rongxin Yin1 , and 

Zhenhua Liu1 (2015) 

[164] 

optimized cost, energy and 

carbon choices for customers to 

deploy interoperable grid 

transactions and renewable 

energy systems at scale. 

Uses open standards and 

optimization models 

Customer engagement 

Strategies (autonomous 

operations) 

generate feedback 

information models for 

load flexibility, load 

profiles, and 

participation 

schedules. 

Michael Stadler, 

Markus Groissböck, 

Gonçalo Cardoso, 

Andreas Müller, Judy 

Lai. Feb (2013) [166] 

include an additional 6.5 GW of 

combined heat and power (CHP) 

by 2030. 

order to analyze the role 

of DER in CO2 

reduction, 147 

representative sites in 

different climate zones 

were selected from the 

California Commercial  

End Use Survey (CEUS). 

possible CHP potential 

in 2030 shows a 

significant variance 

between 0.2 GW and 

2.5 GW, demonstrated 

the complex inter-

actions between 

technologies, policies, 

and customer 

objectives. 

Yen-Haw Chen, Su-

Ying Lu, , Yung-Ruei 

Chang,  Ta-Tung Lee, 

Ming-Che Hu 2013 

[167] 

perform economic analysis, 

formulate an optimization model, 

and determine optimal operating 

strategies for smart microgrid 

systems. 

an energy management 

model that is used to 

determine optimal 

operating strategies 

appropriate battery 

capacity should be 

determined on the 

basis of both battery 
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efficiency and power 

supply. 

Prasenjit Basak, S. 

Chowdhury, S. Halder 

nee Dey,  S.P. 

Chowdhury 2012, [168] 

integration of distributed energy 

resources for formation of 

microgrid will be most 

significant in near future. 

literature survey reveals 

that integration of 

distributed energy 

resources, operation, 

control, power quality 

issues and stability of 

microgrid system. 

scopes of power 

electronic based 

application, static 

inverters with storage 

facilities provided with 

‘‘plug-and play’’ 

functionality to 

provide required 

flexibility. 

Moataz Elsied,  Amrane 

Oukaour, Hamid 

Gualous, A.Amin 

(2014) [170] 

 

investigate the performance  of  a  

dynamic  model  of  a  SSCHP  for  

island mode.  

 

methodology of island 

operating mode is 

applied to verify load 

requirements using FLC, 

which has  been 

implemented and 

simulated using Matlab/ 

Simulink.  

 

 the FLC is preferred 

over a nominal PI 

controller in voltage 

and frequency 

regulation due to the 

minimum oscillation 

and steeling time. 

Moreover it is  simpler 

than PI controller in  

Math calculation.  

Christian Milan, 

Michael Stadler, 

Gonçalo Cardoso,  

Salman Mashayekh 

(2015) [169] 

 

Non-linear would turn the models 

into non- linear problems, in most 

cases only constant efficiencies 

are assumed. 

formulated using binary 

and Special-Ordered-Set 

(SOS) variables. 

Storage technologies 

gained increased 

importance; the SOS2 

approach caused the 

largest increase in 

calculation time. 

Maria BRUCOLI,  

Alessandro GRIECO, 

Michele Antonio 

TROVATO (2015) 

[171] 

A feasibility analysis of 

Integrated Building  

Energy Systems (IBES) in non-

residential buildings is carried 

out. 

generation, storage, 

heating and cooling 

technologies, in 

particular understanding 

the multicarrier energy 

system interactions. 

IBES approach is more 

efficient in cities with 

warmer climates, since 

it’s easier to meet 

electric loads through a 

IBES rather than 

heating loads, due to 

technical, economic 

and space constraints. 

Xuping Li , Joan M. 

Ogden (2011) [172] 

provide analytical tools for 

various stakeholders such as 

policy makers,  

manufacturers and consumers, to 

evaluate the design and the 

technical, economic, and 

environmental performances of 

tri-generation systems for home 

and neighborhood refueling. 

Major tasks include 

modeling yearly system 

operation, exploring the 

optimal size of a system, 

estimating the cost of 

electricity, heat and 

hydrogen, and system 

CO2 emissions, and 

comparing the results to 

alternatives. 

Significant CO2 

emission reduction  

(20.52%) associated 

with home tri-

generation compared 

to conventional 

technologies. Carbon 

taxes have a modest, 

positive impact on the 

economics of home 

trigeneration system  

Michael Stadler, Ryan 

Firestone, Dimitri 

Curtil, and Chris 

existing building energy 

simulation program, EnergyPlus 

(E+), to enable the simulation of 

The dispatch of the 

modeled DG system can 

be determined by a 

provides the most 

accurate assessment of 

the site’s energy 
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Marnay, Lawrence, 

Berkeley National 

Laboratory (2006) [173] 

various DG modules and 

associated control strategies in 

order to achieve more accurate 

and holistic analysis of DG 

technologies. 

dispatch optimization 

algorithm, the Energy 

Manager, that accounts 

for uncertainty in future 

load and DG availability, 

and curtailment options. 

consumption and 

economic and 

environmental 

implications. 

Xuping Li , Joan M. 

Ogden (2011) [174] 

study neighborhood trigeneration 

systems in multi-unit dwellings 

such as apartment complexes. 

apply analytical tools 

including an 

interdisciplinary 

framework and an 

engineering/economic 

model to a representative 

multi-family residence in 

the Northern California 

area. 

improves the 

economics of pro- 

viding the three energy 

products for the 

households compared 

with the two other 

studies. The small 

capacity of the systems 

and the valuable co-

products help address 

the low utilization 

problem of hydrogen 

infrastructure. 

C. Birk Jones, Matthew 

Robinson, Hans Barsun, 

Leila Ghanbari, and 

Andrea Mammoli,  

University of New 

Mexico & Lawrence 

Berkeley National 

Laboratory(CA) 2015, 

[175] 

find low cost methods for 

achieving bill and energy 

savings, and not to achieve 

outstanding technical 

performance, which might be 

cost prohibitive given the small 

absolute energy savings. 

optimization using a 

software-as-a-service 

(SaaS) configuration for 

the complex and highly 

efficient UNM 

Mechanical Engineering 

Building (MEblg), which 

uses only about 40% as 

much energy as typical. 

DER-CAM schedules 

are reliably delivered 

less than half the time, 

and implementation 

accuracy for storage 

charging-discharging 

and absorption chiller 

operation is poor, 

suggesting better 

methods and device 

modelling could 

improve results. 

 

 

3.2. SAFE analysis  

Traditionally, in any commercial or industrial sector the same quality of power is provided to the 

end use irrespective of understanding the actual requirement and it turns out to be a poor planning, 

without considering the design process & equipment choice for efficient operation, therefore in 

our SAFE analysis approach we have answered all the following research questions considering 

the important factors and performance metrics. 

 Extensive literature review regarding the current state-of-art modeling of distributed 

energy solutions, including methods to address demand response, choices of alternative 

energy sources and energy storage, impacts of such energy source with respect to 

Greenhouse Gas (GHG) emission, and their economic impact. 

 How such model can be used to assist in identifying the relevant energy systems that can 

meet the demanded forms of energy? 
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 What existing methods/approaches are being used for creating predictive model that can 

assist  customers choosing energy source solution with projected energy demand and 

appraising the cost-effectiveness, sustainability (i.e., GHG emission and impact to 

environment), and resiliency of different options in the chosen energy solution. ? 

 Which factors should SAFE model incorporate and optimize? Why those factors are 

essential in developing energy solution that satisfies the energy demand, while being cost-

effectiveness, sustainable and resilient?   

 What are the incentives and policies at the federal and state level to encourage entities 

adopting sustainable energy solutions?   How can we incorporate them into the SAFE 

model?   

 

[Table 20: Energy Flow Optimization Model-Environment] 

Purposes of Energy Models  Energy supply, subject to technical, environment and political 

constraints. Detailed description of (renewable) technologies possible. 

Appraisal through cost-effectiveness analysis.  

The objective includes energy and environment policy analysis and 

planning in particular regarding emission reduction. 

The Model Structure: Internal 

Assumptions & External 

Assumptions 

Low degree of endogenization, detailed description of energy supply and 

end-uses technologies. Endogenous analysis of generation expansion.  

Input needed: demand projections/ scenarios, supply costs, 

(environmental) constraints 

The Analytical Approach: Top-Down 

vs. Bottom-Up 

Bottom-up 

The Underlying Methodology Optimization 

The Mathematical Approach Mixed Integer Linear Programming 

Geographical Coverage: Global, 

Regional, National, Local, or Project 

Local 

Sectoral Coverage Energy producing and consuming sectors 

The Time Horizon: Short, Medium, 

and Long Term 

Medium to long term 

 

Primary objective of this study was to have the system that reduces energy cost and risk of electric 

grid disruptions and enhance the energy reliability for the user. And typically college or university 

campus has a high thermal load for conditioning dormitories, classrooms and research labs and 

this purpose makes the site a good candidate to integrate the CHP system which can answer all 

above questions because: 

 It reduces emissions of GHGs and other air pollutants by as much as 40 percent 

or more. 
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 It consumes essentially zero water resources in generating electricity (a typical 

coal fired power plant consumes 0.2 to 0.6 gallons of water per kWh). 

 It offers a low-cost approach to adding new electricity generation capacity.  

 On-site electric generation reduces grid congestion and improves the reliability 

of the electricity distribution system.  

 It defers the need for investments in new central generating plants and new 

transmission and distribution infrastructure, helping to minimize increases in 

electricity costs.  

Therefore, electric load and thermal load are estimated: 

Electric load estimation: the electric requirements for each of the target facility depend on either 

electricity consumption factors applied to the number of employees at the site, area of the site, and 

so on. For this case study the key characteristics can be found in table 20 [194]. The end uses are 

taken as an indicator of site electric load as a result average on-site electric requirements are taken 

as input. 

Thermal load estimation: It is important to properly size the CHP system for high thermal 

utilization as sizing lead to the most efficient CHP system operation. Now, in order to size the 

CHP system to meet the thermal demand of the facility, it is essential to estimate the thermal factor. 

As the thermal factor depends on both the power–to-heat proportion (P/H) of the facility type and 

also the P/H proportion of a typical system by size range. 

      The thermal factor = 1; would size a system to match the electric load of the facility.  

The thermal factor < 1; would result in a system capacity below the average electric 

load of the facility. 

The thermal factor > 1; would result in a system sized to thermal load, producing more 

electricity than what is required on-site. 

The CHP was expected to have 40% fuel-to-electricity conversion efficiency, with the remaining 

60% being waste heat. The algorithm is embodied in Equation 1. For every hour, the heat output 

from the CHP is contrasted with the simulated thermal requirements of the prospective microgrid 

zone. Zones that are capable for venting the CHP waste heat for the greatest number of hours 

annually are recognized for closer examination. 

 

𝑪𝑯𝑷𝑺𝒊𝒛𝒆   =
𝟑

𝟓⁄  ×𝒎𝒂𝒙 (𝑬𝒍𝒆𝒄𝒂𝒗𝒈.𝒘𝒆𝒆𝒌)

𝟐
𝟓⁄

 =
𝟑

𝟐
 × 𝒎𝒂𝒙 (𝑬𝒍𝒆𝒄𝒂𝒗𝒈.𝒘𝒆𝒆𝒌)                                equation 1 

Smart planning of energy use can be achieved by segregating electrical load and thermal loads and 

marginalizing them in terms of priority, for instance the critical loads are like that of; data center 

where the energy requirements is 24X7 with high quality service and low priority can be the energy 

required to pump the water (as it can be reschedule). 
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To follow this smart planning approach, DER-CAM model is used and initiated as a SAFE 

modeling approach, which describes an energy flow and optimization model- considering the 

environment and political constraint (EFOM-ENV/GAMS) using a process input-output table in 

which all the energy processes are defined. This table 21, contains all the necessary data of a 

process such as efficiency, availability, emissions and costs. 

[Table 21: Schematic flow of using process input-output table as a factors from site 

considering (efficiency, availability, emissions and costs)] 

Input of Energy plus model Key output from energy plus 

model 

 

 

 

DER-CAM 

 Building Location 

 Building Envelope 

 Internal Loads 

 HVAC Systems 

 Utility Rates 

 Energy and Demand 

prediction 

 DR potentials 

 Economic Cost Savings 

 Impacts on Comfort 

 

Assuming that whole buildings complete energy analysis is simulated by Energy Plus simulation 

model. Considering the demand strategies, for example, load reduction of lighting and plug loads, 

the global temperature set-point adjustment contributes to the cooling load reduction. By solving 

the integral equation between the zone and air system in the model, the decreased air flow of the 

air system will lead to the fan power reduction on the air side system and the power reduction of 

the plant side components (e.g., chiller, pumps, cooling towers).For this College site, three 

classifications of DR techniques were chosen for this case study: (1) Global temperature set-point 

adjustment; (2) dimming the lights, and (3) turning off unnecessary plug loads. The aggregated 

capability of load reduction was used as maximum demand response potential in DER-CAM. 

 

A comprehensive parametric analysis is conducted in [164] to find the load shedding and shifting 

potential at various levels by adjusting system factors for DR control. Effect of the change of DR 

control parameters on the load shed at the building was formulized. For all the chose DR strategies, 

three levels of load shed potential were identified: low, medium and high. For instance, the 

 ∆𝑇𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡 of the HVAC control technique was given at three levels: 4oF, 6oF, and 8oF over the 

normal set purpose of 72o F, the satisfactory comfort range of temperature set points is from 66 oF 

to 80 oF. If a simulation matrix of different parameters for each control strategy to evaluate the 

load shed potential of every service level as in equation (a) , where   ∆𝑇𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡 is the temperature 

set point adjustment and 4 ≤ ∆𝑇𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡 ≤ 8; ∆𝑃𝑙𝑖𝑔ℎ𝑡𝑠 is the load change potential by dimming or 

turning of lights;  ∆𝑃𝑝𝑙𝑢𝑔 is load change potential for plug loads, ∆𝑃𝐻𝑉𝐴𝐶 is the load shed potential 

from building HVAC systems when implementing the DR control strategies of adjusting 

temperature set points. ∆𝑃𝐻𝑉𝐴𝐶 also, relies on upon ∆𝑃𝑙𝑖𝑔ℎ𝑡𝑠 and ∆𝑃𝑝𝑙𝑢𝑔.  ∆𝑃𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 is the 

aggregated demand response potential of the building. 
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 ∆𝑷𝒃𝒖𝒊𝒍𝒅𝒊𝒏𝒈 = ∆𝑷𝑯𝑽𝑨𝑪 ( ∆𝑻𝒔𝒆𝒕𝒑𝒐𝒊𝒏𝒕, ∆𝑷𝒍𝒊𝒈𝒉𝒕𝒔, ∆𝑷𝒑𝒍𝒖𝒈) +  ∆𝑷𝒍𝒊𝒈𝒉𝒕𝒔 +  ∆𝑷𝒑𝒍𝒖𝒈                      Equation a. 

 

 

3.2.1. DER-CAM Mathematical Formulation 

To simplify the equations and improve the readability of the DER-CAM optimization model in 

[164] & [165], it is expected that the optimization time step is one hour and that the optimization 

horizon is one day. 

Sets and Indices 

This section describes the core mathematical problem solved by DER-CAM. First, the input 

parameters are listed, and the decision variables are defined. Note that although power units, i.e. 

kW, are used to measure heat flow over the course of one hour, the actual heat used in that hour is  

measured  in  units  of  energy,  i.e.,  kWh. Therefore, heat flows has been measured in kW in order 

to enable comparison with power. Next, the optimization problem is described. 

Input Parameters 

 

 l set of continuous  (available in every size) generation technologies: photovoltaics (PV), 

solar thermals (ST), absorption chillers (AC), electric chillers (EC), absorption 

refrigerators (AR), electric refrigerators (ER) 

k set of discrete generation (only available in discrete size) technologies: internal 

combustion engines (ICE), micro-turbines(MT), gas turbines (GT), fuel cells (FC). Gas-

fired direct chiller technologies, where K = {the set of technologies selected}  , and KHX 

is the set of all gas-fired direct chillers with heat exchangers. 

c  set of  continues storage technologies: electric storage (ES), heating storage (HS), cooling        

            storage (CS) 

j set of all generation technologies: k ∪ l 

g set of all technologies: j ∪ c 

h          Hours, which belongs to H =  {1, 2, 3 … … .24}   

e           set of energy types for energy balance equations : electricity (el), heating (ht), cooling    

            (cl),refrigeration (rf) 

m  Months, which belong to M =  {1, 2, … … 12}  

p demand charge periods (relates to electric tariff and rates) , where P =

 {on‐peak, mid‐peak, off‐peak, coincedent, non‐coincident }, e.g., On-peak (hours of the 
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day 12 through 18, inclusive, during summer months), mid-peak (08 through 12 & 18 

through 22 during the summer, & 08 through 22 during the winter), or off-peak (01 through 

08 & 11 through 12 during the summer and 01 through 08 & 11 through 12 during the 

winter). 

q
p            

set of all time steps (q
p 

⊂ h ) that fall in the demand charge period p 

r set of demand response types: low, medium or high. 

d Day types, which belong to D=  {weekday, peak, weekend}  

u End uses, which belong to U =  {electricity only (‘eo’),

cooling (‘cl’), refrigeration('rf '),   space heating (‘sh’),

water heating (‘wh’), and  natural gas only (‘ng’)}  

 

  Customer Data 

Load u, m, d, h Customer load (electricity or heat flow) in kW for end uses  u 

during hour h, day, type d and month m {end uses are electricity 

only ('eo'),cooling('cl'),space                                                                         

heating ('sh'), water heating ('wh'), and natural gas only ('ng')} 

Market Data 

CDRLoadMax r, u   demand response potential for endues u and demand response type 

r 

DRPrice r ,u    cost of demand response measure of type r and end-use u, $/kWh 

DemandCharge d,u  Contract demand electricity charge for maximum electricity-only          

                                                                 and cooling loads  (US$/kW) 

CTax     Tax on carbon emissions (US$/kg-carbon)  

MktMCRateh    Marginal Carbon emissions rate from marketplace generation    

                                                                 during hour (h), (kg- carbon/kWh) 

NGCRatej Carbon emissions rate from generation technology j, (burning 

natural gas to meet heating and cooling loads) (kg-carbon/kWh) 

NGBasicPrice m  Natural gas price during month m (UD$/kWh) 

RTEExp m,h Regulated teriff for electricity export during hour h, ($/kWh) 

RTEnergy m,h Regulated teriff for electricity purchase during hour h, ($/kWh) 

UtilPurBaselineh   customer’s utility electricity consumption baseline (kWh) during  

                                                                 hour,h. 
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UtilPurMax m , p Volumetric electricity tariff rate for month m and  period    

p (US$/kW) 

RTDCharges m , d Monthly demand charge for month m and demand type d 

(US$/kW) 

Distributed Energy Resource Technologies Information 

COP l coefficient of performance for technology l (chillers and 

refrigerators) 

DERMaxpk Nameplate power rating of discrete generation technology  

k (kW) 

DEROMVarj Variable operation and maintenance costs of generation 

technology j (US$/kWh) 

OMFixj Fixed annual operation and maintenance costs of generation 

technology j (US$/(kW-a)) 

SInsom ,h Fraction of maximum solar insolation incident upon location 

during hours h  in month m 

AvailabilitySolarDaym Average hourly fraction of maximum solar insolation incident                                                       

upon location in month m 

 ScEff l,h                                           Solar insolation  conversion efficiency of continuous grneration 

technology l (kWh-electricity/kWh-gas) 

α k                                          Amount of useful heat in kW recovered from unit kW of 

electricity generated by technology k.  

ɳ j                                            Electrical efficiency of generation technology j 

ElectricityStorageEfficiencyCharge      

    (ESCEffc) Fraction of charged electricity into storage technology c that is not 

lost in energy transfer 

ElectricityStorageEfficiencyDischarge 

(ESDEffc) Fraction of electricity discharged from storage technology c that 

is not lost in energy transfer. 

ElectricityStorageEfficiencyDecay 

(Φc) Fraction of electricity in storage technology c that is lost in one 

time period due to self-discharge.  

SOCminc , SOCmaxc Min/Max acceptable state of charge for storage technology c, % 

SCRatec Storage charging rate for storage technology c, % 

SDCRatec Storage discharging rate for storage technology c, % 

Capc Capacity of storage technology c, kWh 
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IntRate Interest rate on DER investments (%), which we assume to be 6% 

per annum 

 

Annuityk Annuity factor for generation technology k, where 

 
IntRate

(1‐
1

(1+IntRate) Lifetimek
)
   ∀ k 

 Annuityl Annuity factor for generation technology l, where 

 
IntRate

(1‐
1

(1+IntRate) Lifetimel
)
     ∀ l 

Lifetime k                                                 Expected lifetime of discrete generation technology k(a) 

Lifetime l Expected lifetime of continuous generation technology l(a) 

MinLoadj Minimum level at which generation technology j can operate (kW) 

ReliabilityDER Average fraction of time DER equipment is available and not 

subject to outage 

SprintCapj Maximum level at which generation technology j can operate 

(kW) 

MaxAnnualHours g Maximum number of hours of operation allowed per annum for 

generation of technology g 

N m , d Number of days of type-d in month m 

βu Units of heat (kW) produced from one kW of natural gas for end 

use u 

MinEff                 Minimum natural gas system energy efficiency 

FracBase    Fraction of base electricity-only load classified as sensitive 

FracPeak     Fraction of peak electricity-only classified as sensitive 

 

Decision Variables 

DERInvestment k Number of units of generation technology k installed 

CDRLoadr,u,d Customer load met due to DR of type r, for end use u, at time h,kW 

GenTj,e,h, , ConsT j,e,h, Energy generated/consumed in from e by technology j during hour 

h, type of day d, and month m to supply (college load) (kWh) 

UtilPurh, UtilExph Amount of electricity purchased from/exported to the distribution 

utility company at hour h, (kW). 

NGPu,h natural gas purchase during h hours to meet end-use u 
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SwitchPurchase (psbh) Binary decision variable for purchasing switching equipment 

(purchasing or selling) during h hours, kW 

SIn c,h , SOutc,h energy input/output from storage technology c during h hours, 

kWh 

Capacity l Capacity of continuous investment technology l purchased (kW) 

Total Energy Cost Sum of DER, NG, and electricity purchase, switch parameter, and 

heat storage costs ($) 

DER Currently Operating k,d,h Number of units of generation technology k running during hour 

h, type of day d, and month m 

SprintAmount k, m, d, h Total output above rated capacity by generation technology k 

during hour, type of day d and month m (kW) 

ElectricityStored m,d,h Total electricity stored in batteries during hour h, type of the day 

d, and month m (kW) 

Electricity Consumed m,d,h Total electricity demand during hour h, type of day, and month m 

(kW) 

Heat Provided m,d,h Supply of heat available during hour h, type of day d, and month 

m (kW) 

Heat Consumed m, d, h  Demand for heat during hour h, type of day d, and month m (kW) 

AnnualDGElectricity Total electricity generated on-site during test year (kWh) 

AnnualDGRecHeat Total recovered heat used to meet heat loads (kWh) 

AnnualNGforDG Total natural gas purchases for on-site generation (kWh) 

AnnualizedCapitalCost Annualized capital cost of discrete generation technologies, 

continuous technologies, direct chiller and switch parameters ($) 

Upfront Capital cost Total capital cost of discrete generation technologies, continuous 

technologies direct chillers and switch parameters ($) 

  

Economic objective function (b):  

In this formulation, (b) is the financial objective function that minimizes total energy costs, 

comprising of time of use energy charges inclusive of carbon taxation (1), month to month and 

time of use energy demand charges (2), expenses of operation and maintenance of local generation 

(3) inclusive of carbon taxation (4), expenses of normal gas purchases (5), expenses of demand 

response measures (6), and revenue from electricity sales (7). 
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min 𝐶 ≔    ∑ 𝑈𝑡𝑖𝑙𝑃𝑢𝑟ℎ   ℎ X 𝑅𝑇𝐸𝑛𝑒𝑟𝑔𝑦ℎ + ∑ 𝑈𝑡𝑖𝑙𝑃𝑢𝑟ℎ   ℎ  X  CTax X 𝑀𝑘𝑡𝑀𝐶𝑅𝑎𝑡𝑒ℎ        1 

                + ∑ ∑ 𝑅𝑇𝐷𝐶ℎ𝑎𝑟𝑔𝑒𝑚,𝑝   𝑝𝑚 X  UtilPurMax 𝑚,𝑝         2 

                +∑ ∑ ∑ 𝐺𝑒𝑛𝑇𝑗,𝑒,ℎ   𝑋 𝑗𝑒ℎ 𝐷𝐸𝑅𝑂𝑀𝑣𝑎𝑟𝑗       3 

  + ∑ ∑ 𝐺𝑒𝑛𝑇𝑘,𝑒=𝑒𝑙,ℎ   𝑋 
𝑁𝐺𝐶𝑅𝑎𝑡𝑒𝑘   

ɳ𝑔
𝑘ℎ 𝑋𝐶𝑇𝑎𝑥      4 

  +∑ ∑ 𝑁𝐺𝑃𝑢,ℎ   𝑋 (𝑁𝐺𝑃𝑟𝑖𝑐𝑒 + 𝐶𝑇𝑎𝑥 𝑋 𝑁𝐺𝐶𝑅𝑎𝑡𝑒)𝑢ℎ      5 

  + ∑ ∑ ∑ 𝐶𝐷𝑅𝑙𝑜𝑎𝑑𝑟,𝑢,ℎ   𝑋 ℎ𝑢ℎ 𝐷𝑅𝑃𝑟𝑖𝑐𝑒𝑟,𝑢      6 

  -∑ 𝑈𝑡𝑖𝑙𝐸𝑥𝑝ℎ       𝑋  𝑅𝑇𝐸𝐸𝑥𝑝𝑜𝑟𝑡ℎℎ        7 

𝐷𝐸𝑅𝐶𝑢𝑟𝑟𝑒𝑛𝑡𝑙𝑦𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔𝑘,𝑚,𝑑,ℎ  ≤ 𝐷𝐸𝑅𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝑘  ∀𝑘, 𝑚, 𝑑, ℎ  

 

Energy balance constraints:  

Equations (c)-(g) enforce energy balance for different end uses. For instance, (c) states that  

electricity  loads,  minus the  load  not  met  due  to  demand  response  measures,  plus  the  

electricity consumption  of  technologies  (e.g., electric  chiller  or  refrigerator),  plus  the  

electricity for charging storage technologies, plus the electricity exported to the grid must equal 

the electricity generated by local generators, plus the electricity purchased ,  plus  the  electricity 

from storage  technologies (charging  and  discharging cannot  occur simultaneously).Similarly, 

(d) is  for  heat  balance  (space  heating  and  water  heating  loads)  and  also  considers  the heat  

recovery  from  CHP  units  and  absorption  chillers which  can  run  on  waste  heat .  Equations 

(e)-(g) are for cooling, refrigeration, and natural-gas loads, respectively. 

 

𝐶𝑙𝑜𝑎𝑑𝑢,ℎ − ∑ 𝐶𝐷𝑅𝑙𝑜𝑎𝑑𝑟,𝑢,ℎ   + ∑ 𝐶𝑜𝑛𝑠𝑇𝑗,𝑒,ℎ𝑗𝑟 + 
𝑆𝐼𝑛𝑝𝑐,ℎ

𝐸𝑆𝐶𝐸𝑓𝑓𝑐  
 +𝑈𝑡𝑖𝑙𝐸𝑥𝑝ℎ                                            c 

                     = ∑ 𝐺𝑒𝑛𝑇𝑗,𝑒,ℎ𝑗  + 𝑈𝑡𝑖𝑙𝑃𝑢𝑟ℎ + 𝑆𝑂𝑢𝑡𝑐,ℎ   𝑋 𝐸𝑆𝐷𝐸𝑓𝑓𝑐      ∀ℎ: 𝑢 ∈ {𝑒𝑜}, ℯ ∈ {𝑒𝑙}, 𝑐 ∈ {𝐸𝑆} 

 

∑ (𝐶𝑙𝑜𝑢𝑑𝑢,ℎ𝑢∈{𝑠ℎ,𝑤ℎ} − ∑ 𝐶𝐷𝑅𝑙𝑜𝑎𝑑𝑟,𝑢,ℎ 𝑟 ) + ∑ 𝐶𝑜𝑛𝑠𝑇𝑗,𝑒,ℎ𝑗  + 
𝑆𝐼𝑛𝑐,ℎ

𝐸𝑆𝐶𝐸𝑓𝑓𝑐
 

                                                                                                                           d 

     = ∑ 𝐺𝑒𝑛𝑇𝑗,𝑒,ℎ𝑗 + 𝑆𝑂𝑢𝑡𝑐,ℎ  𝑋 𝐸𝑆𝐷𝐸𝑓𝑓𝑐     + ∑ 𝛽 𝑋 𝑁𝐺𝑃𝑢,ℎ𝑢∈{𝑠ℎ,𝑤ℎ}     ∀ℎ: 𝑒 ∈ {ℎ𝑡}, 𝑐 ∈ {𝐻𝑆} 

 

                                                                                                                         

𝐶𝑙𝑜𝑎𝑑𝑢,ℎ + 
𝑆𝐼𝑛𝑐,ℎ

𝐸𝑆𝐶𝐸𝑓𝑓𝑐
      =   ∑ 𝐺𝑒𝑛𝑇𝑗,𝑒,ℎ𝑗 + 𝑆𝑂𝑢𝑡𝑐,ℎ   𝑋 𝐸𝑆𝐷𝐸𝑓𝑓𝑐               e 

∀ℎ: 𝑢 ∈ {𝑐𝑙}, ℯ = {𝑐𝑙}, 𝑘 ∈ {𝐶𝑆} 

b 
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𝐶𝑙𝑜𝑎𝑑𝑢,ℎ =  ∑ 𝐺𝑒𝑛𝑇𝑗,𝑒,ℎ𝑗             ∀ℎ: 𝑢 ∈ {𝑟𝑓}, ℯ = {𝑟𝑓}      f 

                                                                                                     

𝐶𝑙𝑜𝑎𝑑𝑢,ℎ =  𝑁𝐺𝑃𝑢,ℎ ∀ℎ: 𝑢 ∈ {𝑛𝑔}        g 

 

Limit on simultaneous electricity purchase and sell: 

 

Equations (h) and (i) ensure that electricity cannot be purchased and sold simultaneously, using a 

binary variable. In these equations, 𝑴 is an arbitrary large quantity. 

 

𝑈𝑡𝑖𝑙𝑃𝑢𝑟ℎ  ≤ 𝑝𝑠𝑏ℎ X 𝑴    ∀𝒉                                      h 

 

𝑈𝑡𝑖𝑙𝐸𝑥𝑝ℎ  ≤ (1 − 𝑝𝑠𝑏ℎ) X 𝑴    ∀𝒉                                          i 

 

On - site generation limits:  

Equation (j) enforces  the  on –site  generating  capacity  constraint  by  stating  that  the energy  

generated  is  limited  to  the  installed  capacity. Equation (k) constrains solar conversion 

technologies to generate in proportion to the solar insolation and conversion efficiency. 

 

𝐺𝑒𝑛𝑇𝑘,𝑒,ℎ ≤ 𝑁𝑜𝑂𝑓𝑇𝑒𝑐ℎ𝑘 𝑋 𝐷𝐸𝑅𝑚𝑎𝑥𝑝𝑘,𝑒   ∀ 𝑘, 𝑒, ℎ        j 

 

𝐺𝑒𝑛𝑇𝑙,𝑒,ℎ ≤ 𝐶𝑎𝑝𝑙  𝑋
𝑆𝑐𝐸𝑓𝑓𝑙,ℎ

𝑆𝑐𝑃𝑒𝑎𝑘𝐸𝑓𝑓𝑙
 𝑋 𝑆𝑜𝑙𝑎𝑟ℎ   ∀ ℎ, 𝑙: ∈ {𝑃𝑉, 𝑆𝑇}, 𝑒 ∈ {ℎ𝑡}    k 

Storage balance and limitations: 

Equation (l) enforces energy balance in storage technologies, (m) forces the state of charge to be 

within the acceptable range, and (n) and (o) place a limit on charging and discharging rates. 

 

𝑆𝑂𝐶𝑐,ℎ = (1 − 𝜑𝑐)𝑋 𝑆𝑂𝐶𝑐,ℎ−1 + 𝑆𝐼𝑛𝑐,ℎ − 𝑆𝑂𝑢ℎ𝑐,ℎ  ∀ℎ, 𝑐       l 

𝑆𝑂𝐶𝑚𝑖𝑛𝑐 ≤ 𝑆𝑂𝐶𝑐,ℎ ≤ 𝑆𝑂𝐶𝑚𝑎𝑥𝑐                    m 

𝑆𝐼𝑛𝑐,ℎ ≤ 𝐶𝑎𝑝𝑐  𝑋 𝑆𝐶𝑅𝑎𝑡𝑒𝑐       ∀ 𝑐, ℎ         n 

𝑆𝑂𝑢𝑡𝑐,ℎ ≤ 𝐶𝑎𝑝𝑐  𝑋 𝑆𝐶𝑅𝑎𝑡𝑒𝑐       ∀ 𝑐, ℎ         o 
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Limit on demand response:   

Limits the amount of load reduction at each time step to the maximum potential. Note that the 

CDRLoadMaxr,u’s in this work are determined by the EnergyPlus. 

 

𝐶𝐷𝑅𝐿𝑜𝑎𝑑𝑟,𝑢,ℎ  ≤ 𝐶𝐷𝑅𝐿𝑜𝑎𝑑𝑀𝑎𝑥𝑟,𝑢             ∀𝑟, 𝑢       p 

 

Heat recovery:  

Determines how much heat can be recovered from CHP -enabled DER technologies. 

 

𝐺𝑒𝑛𝑇𝑘,𝑒1,ℎ  ≤∝𝑘 𝑋 𝐺𝑒𝑛𝑇𝑘,𝑒2,𝑢       ∀𝑘, ℎ: 𝑒1  ∈ {ℎ𝑡}, 𝑒2 ∈ {𝑒𝑙}     q 

 

Consumption of cooling technologies: 

Equations (r) and (s) determine the relationship between electrical consumption  and  cooling  and  

refrigeration  generation  for electrical  chillers  and  refrigerators,  respectively. Similarly, 

equations (t) and (u) determine the relationship between heating consumption and cooling and 

refrigeration generation for absorption chillers and refrigerators, respectively. 

 

𝐺𝑒𝑛𝑇𝑙,𝑒1,ℎ = 𝐶𝑜𝑛𝑠𝑇𝑙,𝑒2,ℎ
𝑋 𝐶𝑂𝑃𝑖           ∀ℎ ∶ 𝑙 ∈ {𝐸𝐶}, 𝑒1  ∈ {𝑐𝑙}, 𝑒2  ∈ {𝑒𝑙}   r 

 

𝐺𝑒𝑛𝑇𝑙,𝑒1,ℎ = 𝐶𝑜𝑛𝑠𝑇𝑙,𝑒2,ℎ
𝑋 𝐶𝑂𝑃𝑖           ∀ℎ ∶ 𝑙 ∈ {𝐸𝑅}, 𝑒1  ∈ {𝑟𝑓}, 𝑒2  ∈ {𝑒𝑙}   s 

 

𝐺𝑒𝑛𝑇𝑙,𝑒1,ℎ = 𝐶𝑜𝑛𝑠𝑇𝑙,𝑒2,ℎ
𝑋 𝐶𝑂𝑃𝑖           ∀ℎ ∶ 𝑙 ∈ {𝐴𝐶}, 𝑒1  ∈ {𝑐𝑙}, 𝑒2  ∈ {ℎ𝑡}   t 

 

𝐺𝑒𝑛𝑇𝑙,𝑒1,ℎ = 𝐶𝑜𝑛𝑠𝑇𝑙,𝑒2,ℎ
𝑋 𝐶𝑂𝑃𝑖           ∀ℎ ∶ 𝑙 ∈ {𝐴𝑅}, 𝑒1  ∈ {𝑟𝑓}, 𝑒2  ∈ {ℎ𝑡}   u 

 

The DER-CAM optimization model, presented in equations (b)-(u), is a Mixed Integer Linear 

Program (MILP).Regarding the dynamicity of the model , it is worth clarifying that the load 

reduction potential for each load in the microgrid, which is determined using the Energy plus 

model, is a static input for the DER-CAM optimization. 

 

3.2.2. GUI Interface of DER-CAM via Web OPT server  
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WebOpt has been intended for speedy evaluations (e.g. multi-objective frontiers) and is 

exceptionally easy to understand. This type of utilization just applies to the Investment and 

Planning branch of DER-CAM now and the Operations versions can't be utilized as a part of along 

these lines. This adaptation does not give all elements, e.g. electric vehicles or 5-minute time step 

optimization. 

The Investment and Planning DER-CAM utilizes something like three representative day-types 

per month to describe hourly energy loads: week-day, weekend-day, and peak-day. This 

spreadsheet tool was created to support users in the process of converting loads to the DER-CAM 

format. It can take data in 15-min, 30-min, and 1-hour time steps as input and process loads to the 

appropriate format. Week-day and weekend-day loads are obtained by calculating average values, 

and peak-day loads can be obtained either by filtering the maximum observed loads or a user- 

specified load percentile. [165, 198] 

When information has been processed in this spreadsheet it can be effectively exported to DER-

CAM utilizing standard copy-paste strategies. 

 

[Secure Web Server with SSL 3.0 security protocol and RC4 40 bit encryption] 
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                                                       [DER investment planning] 

 

       [Load profile: Sources available in server, also have user defined options which takes input as .csv] 

 

 

[Utility Services in DER-CAM] 
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                [Utility user defined Options] 

 

               [Technology Parameters] 

 

[Demand response in DER-CAM] 



67 
 

67 
 

             

[Data files of Typical Meteorological Year (TMY) are available on the web for 1020 stations in the USA from 

the National Renewable Energy Laboratory (NREL); also user defined options are also available] 

 

[Note: Inputs hourly marginal CO2 emissions in kgCO2/kWh]      

 

[Optimization results] 
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MILP Solved by DER-CAM 

Note: Not all constraints are 

shown e.g. flow batteries have 

more constraints than electrical 

storage.  

A complete mathematical 

formulation of DER-CAM can be 

found in section 3.2.1 and in 

Appendix B 
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CHAPTER 4 

 

      CASE Study  

Universities and Colleges generally have high capacity factors and high electricity and heat loads 

which favor distributed generation with heat recovery. As they make up a sizable portion of the 

building stock and frequently have heated pools which might favor the use of waste heat from DG 

units or from solar thermal systems. As, big challenge is that academic institutions rely solely on 

utility provider for energy consumption. Therefore, building situational awareness is very 

important. 

Therefore, the business as usual case was compared with µgrid case. Where, BAU case [Figure 

12] is where campus or any site is 100% dependent on the utility company for their electricity 

demand and Heat was collected form installed boilers. For the given site the annual electricity 

consumption is 3729025.4 kWh/a., and annual Natural gas consumption is 3592461.1 kWh/a. 

                                       

[Figure.12 Business as Usual Case, BAU] 

Note: In our analysis we have used electricity load only and cooling demand is expressed in 

electricity consumption of the electric chiller with an assumed COP of 4.5. 1 kW = 3 412.14 

BTU/h 

And µgrid case was where campus invested on distributed energy resources/CHP system so that 

more electricity is produced on-site and heat was recovered from the cogeneration units 

[Figure.13], with additional storage units.  

                                          

    [Figure. 13 Distributed Generation/Combined Heat and Power System] 
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4.1. DISCRIPTION OF CASE STUDY-SETUP – BASE LOAD RESULTS 

Table 22. Key Site Parameters 

 

For the case study, college at San-Francisco was chosen as the test site. Load profile (base load) 

of the site covering about 31587 m2 (340,000 sq.feet) multi-building college have been obtained 

from EnergyPlus simulations and used as inputs for DER-CAM. Climate data from southern 

California (Riverside) have been used within the EnergyPlus simulations. In this study several 

simplifying assumptions were made in order to reduce the complexity of the problem while still 

providing meaningful results.  

1. The equipment capital costs were the same for California. 

2. The site was considered using the energy plus simulation software.  

3. The electricity sales to the utility grid from a µgrid were disabled.  

4. Neither intra-building steam nor inter-building steam systems were considered in 

the economic calculations; they were assumed to exist for the purposes of this study 

Baseline: No investment graph shown, all energy will be bought from the utility and used in the 

natural gas boiler as well as electric chiller. 

[Table 23: Utility, Time-of-use Tariffs] 

 

              

Fuel price levels and spark spread are not too different between Texas, California and New York, 

but the tariff structures are different. Since this case study is based on California College site, 

Pacific Gas & Electric (PG&E) Utility, time-of-use tariffs with stiff demand charges, is considered. 

The Fs, base and Fs, peak variables in [Table 22] refer to assumptions about the extent to which 

site loads are considered critical. These two variables  are  fractions  of  base  and  peak  loads  

respectively  that  must  be  met  during  loss  of  grid power, i.e. the available on-site generation 

and storage capacity must exceed these ratings. It is a goal  of  this  work  to  add  consideration  
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of  the  resiliency  benefits  of  microgrids  to  DER-CAM analysis capabilities. Table 22, shows 

the description of time of use tariff for the case study site [Figure 14]. 

                        

 

[Figure.14. Case Study: Demand Profile @ College Campus in San Francisco] 

To understand the case study two scenarios are considered: 

Business as usual case (BAU) where total energy is purchased from Utility. 

Microgrid case: This is done in six stages to show the variation in capacity of technology, battery 

and PV along with the PV size. Note: We chose optimization run in multi-objective run mode to 

attain the objective of cost effective services and low carbon emission.  Below are some key 

observation: 

1) Stage 1 : No investment considered, however ony Utility tariff taken into 

account 

2) Stage 2: Only PV capacity (kW) and size(m2) is slightly increased. 

3) Stage 3: The discrete technologies used in this case study is ICE, medium 

size with heat exchanger  of 250kW capacity is used and the amount of 

recoverable heat (kW) from one kW electricity is (1.48) 

In continuous technology:  
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PV: As the area increased to 3000m2, (the maximum limit in the DER-CAM 

tool and it can be changed by contacting the Lawrence Berkeley Laboratory 

(lbl)) for that reason all further cases have same capacity (kW) as area (m2) 

is same. [Table 24 & 25] explains all the parameters considered in DER-

CAM.  

Battery: The capacity is user specific, entered before optimization run 

between variable boundries. [Table 24 & 25] explains all the parameters. 

4) Stage 4 , 5 & 6: We can see that the Fuel cell and ICE were tested in every 

possible scenario [Table 26,27 &28] with battery. 

5) Stage 6: Stands out to be the most optimal choise of investment and 

planning prior actually using money. 

Below are the (Sustainable Approach for Energy SAFE Analysis) feature list [Table 24] and 

indicates how distributed generation affects the financial and environmental performance of the 

site (College @ San-Francisco). It lists parameters involved in minimization of total energy costs; 

and also suggests to deduct the load not met by demand measures in considering the energy balance 

constraints, from the load while balancing the energy for different end uses. 

[Table 24: Factors affecting the financial and environmental performance of the site 

(potential candidate)] 

SAFE Feature List  

1) Electricity purchased from/exported to the distribution utility 

2) Number of units of generation technology , running during h hours, type of day d and month 

m (kW) 

3) Total electricity demand during h hour, type of day and month m (kW) 

4) Annualized capital cost of discrete generation technologies, continuous technologies, direct 

chiller and switch parameters($) 

5) Reliability DER : Average fraction of time DER equipment is available and not subject to 

outage 

6) Upfront capital cost: Total capital cost of discrete generation technologies, continuous 

technologies and direct chillers and switch parameters 

7) Tax on carbon emissions (US$/kg-carbon) 

8) (Off-site) Marginal carbon emissions rate from marketplace generation during hour(h), kg-

carbon/kWh) 

9) Volumetric electricity tariff rate for month m and period p (US $/kW) 

10) Energy generated/consumed in from end uses by technology (discrete + continuous) during 

hour h, type of day d, and month m to supply (college load) (kWh) 

11) On-site CO2 emission rate from generation technology , (burning natural gas to meet heating 

cooling loads) (kg-carbon/kWh) 

12) Electrical efficiency of generation technology 

13) Natural gas purchase during h hours to meet end-uses 

14) Min/Max acceptable state of charge for storage technology (%) 
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15) Amount of useful heat in kW recovered from unit kW of electricity generated by technology 

discrete technology. 

16) Fraction of maximum solar insolation incident upon location during hours h in month m 

 

Table below shows the load analysis:  

[Table 25: Spring & fall electrical demand sheet] 

Spring Semester : January to June [ Instructional days from February through May] 

Fall Semester : July to December [ Instructional days  from August through November]  

Week: Monday-Friday;   Weekend: Saturday and Sunday; Peak: three days with the highest demand within 

a month. 

Input: The load data is needed from each month of the year and during each hour of week (Monday to 

Friday), weekend (Saturday and Sunday), and peak (three days with the highest demand within a month). 

Make sure that the monthly average hourly load data is entered in the table.  

To calculate the monthly average hourly load data, the user takes each hour from every week, weekend, or 

peak for the entire month and calculates the average. 
 

Hours Description 

Weekdays 

[Fig 15] 

Bars represents 

Spring semester 

load profile  

Electricity demand was high from 8hrs to 21hrs every week (Monday-

Friday), demand includes (lighting & plug-in). Peak demand: 636kW;  

during the month of May and Hour:13hrs 

Lowest electricity only demand was on January and June 

Line represents 

Fall semester load 

profile 

Electricity demand was high from 8hrs to 21hrs every week (Monday-

Friday), demand includes (lighting & plug-in). Peak demand: 656kW;  

during the month of October and Hour:15hrs 

Weekend 

[Fig. 16] 

Bars represents 

Spring semester 

load profile 

The electricity demand was less compared to weekdays due to the low 

operation. These hours can be utilized by the facilities for maintenance 

work, IT upgrade. And the peak demand is 449kW during the month 

of May and Hour:14 hrs 

Line represents 

Fall semester load 

profile 

The electricity demand was lowest during July and December month. 

And peak demand is 471kW, 15 hrs, during the month of October. 

Observations 

Irregular patterns, spikes and dips can be observed. Which clearly indicates that energy 

management strategies such as demand response, load shifting, and peak-shaving is not 

considered. As a result the electricity cost increases linearly.  

GHG emission increases due to the 100% utility purchase to serve the peak demand and to 

avoid outage. Experience a peak demand during 5hrs and 6hrs in the month of Oct, Nov, Dec 

and during night hours the demand is more during winters comparatively. No storage system 

installed to avoid unexpected spikes. 

UTILITY 

PG&E: Pacific Gas and Electric ; Name: E-19 TOU ; Peak Load range: 500kW-1000kW 

Description: Time of use (TOU) tariff. Demand charge and energy price have 3 different 

values during winter and 2 during summer, depending of the time (on, mid or off peak, and 

weekday or weekend). 
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[Figure 15: Electricity only load [Weekdays analysis for spring and fall semester]] 

            

 [Figure 16. Electricity only load [Weekend analysis for spring and fall semester]] 

       

 [Figure 17. Avg. Weekday annual electricity load analysis, we can see December, January  

and July are holidays, so low demand and October month has the highest peak demand] 
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DER-CAM End-uses: 

The following end-use loads are considered within DER-CAM and are obtained from EnergyPlus:  

• Electricity-only loads, e.g. lighting and office equipment;  

• Cooling loads that can be met by electricity powered compression, heat activated absorption 

cooling (using waste or solar heat), direct-fired natural gas absorption, or mechanical chillers;  

• Hot water and space heating loads that can be met by direct natural gas combustion, waste heat 

recovery, or solar thermal heat; and, 

• Natural gas-only loads, e.g. mostly cooking that can be met only by natural gas. 

Note: Heating and domestic hot water loads need to be provided to DER-CAM as useful energy 

and not as energy purchased. 

Business as Usual Case 

Figure 14, shows the case study scenarios where business as usual case is compared with Microgrid 

case (DER investment) stage wise. Table 26 shows the parameters considered in BAU case for 

energy Generated/Consumed/Demanded/Purchased/Emitted that will directly affect the economic 

and figure 18 & 19 shows the electricity and heat load result if the site buys all their energy from 

local utilities at published tariffs. 

 

[Table 26: Parameters used in Business as Usual (BAU) case] 

 

Considered Factors                        Unit (Generated/Consumed/Demanded/Purchased/Emitted) 

 

Consumption & Generation 

Electricity Generated Onsite (kWh/a)                                                                                                              0.0 

Utility Electricity Consumption (kWh/a)                                                                                            3729025.4 

Utility Natural Gas Consumption (kWh/a)                                                                                          3592461.1 

Load Demand 

Annual Electricity-Only Load Demand (kWh)                                                                                    3065641.7 

Annual Cooling Load Demand (kWhelectric_equivalent)                                                                     427878.9 

Annual Refrigeration Load Demand (kWhelectric_equivalent)                                                        235504.9 

Annual Space Heating Load (kWh)                                                                                                     2189486.4 

Annual Water Heating Load (kWh)                                                                                                       636976.2 

Annual Natural Gas-Only Load (kWh)                                                                                                  59382.9 

Annual Total Energy Demand (kWh)                                                                                                  6614870.9 

Energy Carriers 
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Annual DER Natural Gas Purchases (kWh/a)                                                                                            0.0 

Annual NON DER Natural Gas Purchases (kWh/a)                                                                          3,592,461.1 

Annual Natural Gas Purchases for Chillers (kWh/a)                                                                               0.0 

Grand Total Gas Purchase (kWh/a)                                                                                                    3,592,461.1 

Annual Costs Electricity ($)                                                                                                            490,728.5 

Emissions  (kgCO2) 

Annual On-site CO2 Emissions from Natural Gas for DER                                                                           0.0                         

Annual On-site CO2 Emissions from Natural Gas for Space Heating & Hot Water                           638,921.9  

Annual On-site CO2 Emissions from all Natural Gas uses (kgCO2)                                                   649,660.7                                                             

Annual Off-site CO2 Emissions (Macrogrid)                                                                                    2,008,810.0 

Annual CO2 Emissions (Grand Total) (kgCO2)                                                                                2,658,470.6 

 

 

RESULT: 

 

 

[Figure 18: Base Electricity Load vs Utility Purchase (January)] 
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[Figure 19:  Base Heat Load vs Utility Purchase (January)] 

 

4.2. Equipment Used 

This study results using recently added electrical (conventional lead/acid battery) and thermal 

storage, capabilities, with both electrical and thermal storage being modeled as inventories. At 

each hour, energy can either be added up to the maximum capacity, or withdrawn down to a 

minimum capacity chosen to avoid damaging deep discharge. The rate at which the state of charge 

can change is constrained, and the state of charge decays hourly. The parameters used for the 

electrical and thermal storage are shown in following Table 27. The menu of available equipment 

options to DER-CAM for this analysis together with their cost and performance characteristics is 

shown in Table 28 and Table 29. Please note that the interest rate for investments was set to 6% 

and the maximum payback period for investments was set to 12 years. 

[Table 27: Economic assumptions for continuous investment] 

Parameters Fixed Cost($) Variable Cost Lifetime Fixed Maintenance 

Lead-Acid Battery 0.00 88 ($/kWh) 6 0.02($/kWh) 

Thermal Storage 10,000.00 100 ($/kWh) 17.00 0.00($/kWh) 

FlowBatteryEnergy 

(ZnBr) 
0.00 88.00 ($/kWh) 10.00 0.08($/kWh) 

FlowBatteryPower 

(ZnBr) 
0.00 850.00 ($/kW) 10 0.00($/kW) 

AbsChiller 93,912.00 685.00 ($/kW) 20 1.88($/kW) 

PV 0.00 3320 ($/kW) 20 0.25($/kW) 
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Note: The absorption chiller capacity is expressed in terms of an electric load equivalent and this effects the $/kW and fixed 

maintenance costs. Example: If you have a cooling load of 100kW useful load (= removed heat) then you have to convert this to 

an equivalent electricity load of an electric chiller (=22.22kW, since normally a COP of 4.5 is used). This approach also means 

that you have to convert the $/kW thermal (removed heat) for absorption cooling by a factor of 4.5. 

While the current set of available technologies is limited, any candidate technology may be 

included. Technology options in DER-CAM are categorized as either discretely or continuously 

sized. This distinction is important to the economics of DER because some equipment is subject 

to strong diseconomies of small scale. Discretely sized technologies are those that would be 

available to customers only in a limited number of discrete sizes, and DER-CAM must choose an 

integer number of units, e.g. internal combustion engine and fuel cell technology have these 

characteristics.  

                                  [Table 28: Assumed energy storage parameters] 

Parameters 
Regular (Lead-Acid) 

LA battery 
Flow (ZnBr) Thermal 

Efficiency Charge 0.95 0.840 0.900 

Efficiency discharge 0.95 0.840 0.900 

Decay 0.004 0.000 0.010 

Max. Charge rate 0.200 0.250 0.250 

Max. Discharge rate 0.250 n/a 0.250 

Min State of Charge 0.300 n/a 0.000 

 

The costs and performance data for the ICE and Fuel cell are based on data provided by EPA. (see 

also http://www.fuelcellenergy.com//). Continuously sized technologies, on the other hand, are 

available in such a large variety of sizes that it can be assumed capacity close to the optimal could 

be acquired. Battery storage costs are roughly consistent with those described by the Electricity 

Storage Association handbook, energy storage allows buildings to balance the supply and demand 

of energy. The installation cost functions for these technologies are assumed to consist of an 

unavoidable cost (intercept) independent of installed capacity ($) representing the fixed cost of the 

infrastructure required to adopt such a device, plus a variable cost proportional to capacity ($/kW 

or $/kWh). 

[Table 29:  Economic assumptions for Discrete Technology investment] 

Parameters 
FC-small-

wSGIP 

FC-med-

wSGIP 
ICE-med ICE-small 

Capacity(kW) 100 250 250 60 

alpha 1.00 1.00 1.48 1.73 

Installed cost($/kW) na na na na 

Installed costs with heat 

recovery ($/kW) 
3,990.00 2700 2180.00 3580.00 
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Variable 

maintenance($/kWh) 
0.03 0.03 0.01 0.02 

Efficiency (%), (HHV) 0.36 0.36 0.30 0.29 

Lifetime (a) 10 10 20 20 

[Note: All engine manufacturers quote heat rates in terms of the lower heating value (LHV) of the fuel. However the purchase price 

of fuels on an energy basis is measured on a higher heating value basis (HHV)] 

 

Please note that both continuous and discrete technologies exhibit economies of scale, but the 

discrete ones can be more complex and dramatic. The capital costs for equipment are divided into 

two categories: discrete technologies, which are typically large pieces of equipment, such as ICE 

and Fuel cell, that are only available in fixed sizes; and continuous technologies, such as PV panels 

and storage batteries that can be aggregated to create a system of nearly any size. The discrete 

technologies and their associated capital costs and assumed lifetimes are provided in Table 29. 

Technologies of different sizes are assumed to have different normalized capital costs due to the 

economies of scale that are present in manufacturing the equipment. The assumptions for the 

continuous technologies are provided in Table 27 & 28. Here, the up-front cost must be paid 

whenever the technology is selected, regardless of size. This is akin to the commissioning costs, 

or permitting costs for a project. The normalized capital cost is given on a per-kilowatt or per-

kilowatt hour basis, depending on the technology type. The lifetime and the assumed annual 

operations and maintenance costs (O&M) are also listed. 

As per the description of the case-study in figure 14, stage wise permutation and combination of 

the technologies were done in DER-CAM to find the optimal investment through all 6 stages and 

accordingly the on-site generation capability of the site increased which made it less dependent on 

the Utility. The figure 20 shows that in stage 1 and 2 no investment done on distributed generation 

was which generated 0kWh/a whereas, as the considering the available clean energy policies more 

investment was done which increased the on-site generation. However, in stage 6 the size of 

storage was decreased to get the optimal combination for the effective equipment choice and 

operation without affecting the on-site generation. 

 

[Table 30: Optimum Investment Model for Choosing Distributed Energy 

Resources/Combined Heat and Power (DER/CHP)] 
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[Figure 20:  Efficient Investment of DER/CHP Technologies] 

 

4.2.1. OPTIMIZED INTEGRATION OF STORAGE AND DER-

TECHNOLOGY  

A  considerable  achievement  of  this  project  has  been  the  addition  of  electricity  and  heat  

storage capabilities to DER-CAM.  Storage poses a difficult problem because any decision made 

in any one time period must consider the effects on all other time periods. There  are  also some 

longer time  period  problems,  for  example  how  might  storage  on  weekends  for  use  on  

weekdays  be handled,  or  potentially  even  storage  in  winter  for use  in  summer,  etc.  In  

general,  these  issues have  not  been  addressed  and  only storage  over  a  day  is  currently  

considered.  Both  traditional batteries,  such  as  the  familiar  lead-acid  ones,  and  flow  batteries  

are  considered.  The  key distinction  of  the  latter  technology  is  that  storage  capacity  and  

charge-discharge  capacity  are quasi-independent because the electrolyte flows through the battery 

and can be stored in either its charged  or  discharged  states.  All  batteries  are  amenable  to  

optimization  using  DER-CAM because  finding  a  good  charge-discharge  schedule  by  simple  

search  would  be  ineffective.  Flow batteries  are  additionally  challenging  because  of  the  dual 

optimization  needed  to  pick  both  the storage and charge-discharge capabilities separately. 

Unfortunately,  as  has  already  been  reported  above, when  available  at  approximately  their 

estimated  current  full  cost,  no  storage  technologies  are  chosen  for  any  of  the  test  sites,  

and  the same is true for PV. To demonstrate the capabilities for storage and PV adoption and 

scheduling, and  because  these  two  technologies  are  connected  and  are  strong  candidates  for  

government support,  several  cases  with  various  levels  of  subsidy  were  conducted.  

Figure 20 above, stage 1, the college meets all of its electricity demand via utility purchases and 

burns natural gas to meet all of its heating requirements. The annual electricity cost is $490,728.5, 

and 2,658,470.6kg of carbon is emitted each year. 
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[Table 31: Shows utilization of Fuel cell and ICE in all possible combination to find the 

optimal Investment Mode] 

 

          CHP/DG                         

Stages        

FC-HX-small-

wSGIP/ annuity of 

capital cost($) 

FC-HX-med-

wSGIP/ annuity 

of capital cost($) 

ICE-HX-small/ 

annuity of capital 

cost($) 

ICE-HX-med/ 

annuity of capital 

cost($) 

1 X X X X 

2 X X X X 

3 X X X Yes/190.1 

4 X yes/366.8 Yes/60 X 

5 X yes/366.8 Yes X 

6 Yes/542.1 X X yes/190.1 

 

In the invest case (stage 2) technology parameters from Table 27 & Table 30 are taken and the 

optimal system for the site consists of a 18.6 kW PV of size 121.2 m2 with upfront capitol cost of 

($61,625.3) and no discrete technology installed as a result no on-site electricity was generated on 

site. Please note that the absorption chiller uses heat from burning natural gas and solar thermal 

directly – no waste heat is utilized due to the lack of installed ICE or fuel cell units. 

Considering storage electrical and for thermal, a battery was installed with capacity 470.7kWh, 

which find optimal system with internal combustion engine –medium sized with heat exchanger 

of capacity 250kW, along with the PV, of peak power 458.7 kW , size 3000 m2 under test 

conditions. In contrast to the previous stage, the onsite generation increased by 63% and the 

amount of heat recovered was utilized for heat load [for example, during weekdays of January 

month the heat recovered was 164,671.6 kWh] further reducing the consumption of electricity 

from Utility.  

The PV array was not changed, but an experiment was done by changing the capacity of storage 

battery and cogeneration system design which was equipped with both Fuel cell medium size 

(250kW) (total produced kWh=1648166.8543) (annuity of capital cost ($/kW)=366.8) and 

combustion engine small size (60kW) with heat exchanger (total produced kWh=365153.4097) 

(annuity of capital cost ($/kW)=312)and 60% cost reduction for LA battery, ZnBr flow battery and 

PV have been heavily subsidized. Relatively in stage 4, the onsite generation increased 22% from 

stage 3 as shown in figure 20, table 27, table 28, table 29, table 30& table 31 

Also, the key observation is in Stage 4 and 5 where, as follows: 

5. Equipment choice were same for DG, during weekdays of January month the heat 

recovered in [stage 4= 154,804.9kWh] & [stage 5=157,281.1kWh] 

6. Size of battery; stage 4=1049.30kWh whereas stage 5= 1035.30kWh   
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The upfront capital cost and annualized capital cost reduced in stage 5, which helps 

decision maker in their investment and planning to achieve effective design 

process. 

[Stage 5=Upfront capital cost is $91,105.4 & annualized capital cost= $18,527.4, 

stage 4= Upfront capital cost is $92,339.8 & annualized capital cost= $18,778.5] 

From the above observation, the size of battery storage is further reduced to 787.2kWh, the 

distributed generation technology used was changed. The 6th stage gives the effective equipment 

and optimal choice with regards to the load required by the College site at San Francisco as 

follows: 

1. Cogeneration system equipped with both fuel cell-small size (100kW) and internal 

combustion engine-medium size (250kW) with heat exchanger. During weekdays of 

January month the heat recovered =197,673.4 kWh.  

Considering the cost and effective operation 

a. the size of ICE was increased which will further reducing the cost per kW. 

Therefore, annuity of capital cost of medium size , internal combustion engine 

($/kW) =190.1 

b. the size of fuel cell reduced, therefore, annuity of capital cost of small size ($/kW 

)=542.1 

2. The storage battery used is of size (787 kWh), as a result the upfront capital cost reduced 

to $69,271.2, annualized capital cost= $ 14,087.2 

3. Installed Capacity Absorption Chiller for Building Cooling (kWelec_equivalent =33.6, kW 

cooling=151.3, United States Refrigeration Ton: U.S. RT=43) , Upfront capital costs= 

$116,954.0 and annualized capital cost =$12,041.9 

Please, see table 33 to know why fuel cell and ICE are used as DG/CHP, stage-wise arrangement 

of technologies considering the assumed parameters by DER-CAM for the effective equipment 

choice and investment planning shown in table 27, 28, 29, 30, 31 and figure 20. This represents 

the lowest possible energy cost case and is the benchmark against which all others can be 

compared. 

 

4.2.2. Microgrid Case- Stage 6 

The Table 32 and Figure 21 show a January weekday results from the DER-CAM optimization 

model. The two discrete technologies (Internal combustion engine and Fuel cell) run at close to 

full power all day. The heavy yellow line shows the actual electricity consumed in each hour 

without DER. This can be thought of as the electricity service requirement. When the electricity 

supply exceeds this line, the battery bank is charging.  This  occurs  from  1:00am  to  9:00am, 

11:00am to 13:00pm, 14:00pm to 17:00pm and 22:00pm to 24:00pm as  shown  by  the  green  

line.  The  PV  system  produces from  8:00  to  18:00,   and  the  battery  is  discharged  between  

17:00  and  22:00,  with  a  strong  peak discharge  at  15:00. 
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[Table 32:  Results from the Optimization Model for the Microgrid Case on a January 

Weekday] 

Considered Factors    

(Energy Generated/Consumed/Demanded/Purchased and GHG Emitted)                                                                                                     

 

Consumption & Generation 

Electricity Generated Onsite (kWh/a)                                                                               3,048,354.4 

Utility Electricity Consumption (kWh/a)                                                                            678,555.9 

Utility Natural Gas Consumption (kWh/a)                                                                       7,077,544.9 

Load Demand 

Annual Electricity-Only Load Demand (kWh)                                                                  3065641.7 

Annual Cooling Load Demand (kWhelectric_equivalent)                                                   427878.9 

Annual Refrigeration Load Demand (kWhelectric_equivalent)                                       235504.9 

Annual Space Heating Load (kWh)                                                                                    2189486.4 

Annual Water Heating Load (kWh)                                                                                      636976.2 

Annual Natural Gas-Only Load (kWh)                                                                                 59382.9 

Annual Total Energy Demand (kWh)                                                                                  6614870.9 

Energy Carriers 

Annual DER Natural Gas Purchases (kWh/a)                                                              6,608,265.9 

Annual NON DER Natural Gas Purchases (kWh/a)                                                             469,279.0 

Annual Natural Gas Purchases for Chillers (kWh/a)                                                               0.0 

Grand Total Gas Purchase (kWh/a)                                                                                   7,077,544.9 

Annual Costs Electricity ($)                                                                                             81,957.4 

Emissions       (kgCO2) 

Annual On-site CO2 Emissions from Natural Gas for DER                                             1,195,038.80                         

Annual On-site CO2 Emissions from Natural Gas for Space Heating & Hot Water        74,125.60                              

Annual On-site CO2 Emissions from all Natural Gas Uses                                              1,279,903.20            

Annual Off-site CO2 Emissions (Macrogrid) (kgCO2)                                                        351,432.50 

Annual CO2 Emissions (Grand Total) (kgCO2)                                                                 1,631,335.70 
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(18% electricity purchased & 82% generated on-site) 

[Figure 21: Electricity Demand/Load Optimization] 

 

One  key  result  to  note  is  that  the  college  makes considerable  grid  electricity  purchases  over  

the  course  of  the  day,  but  buys  virtually  nothing during  the  peak  period,  12:00-18:00,  and  

this  shows  the  power  of  the  time-of-use  tariff. The engine, fuel cell, the PV, and the batteries 

are all used to avoid afternoon grid purchase.  In other words, the  batteries  are  used  to  save  

cheap  off-peak  electricity  for  consumption  during  the  expensive on-peak hours; therefore, the 

PV and the batteries are in competition to provide this service.  

 

[Table 33: Advantage and Disadvantage of fuel cell and ICE are used as DG/CHP] 

 

Definition Advantage Disadvantage 

Internal 

combustion 

engines 

High power efficiency with part 

load operational flexibility. 

Fast start-up  

Relatively low investment cost  

Can be used in island mode and 

have good load following capability 

Can be overhauled on site Operate 

on low pressure gas 

High maintenance costs  

Limited to lower temperature cogeneration 

applications  

Relatively high air emissions  

Must be cooled even if recovered heat is 

not used  

High level of low frequency noise 

Fuel Cell 

Low emission and low noise  

High efficiency over load range  

Modular design 

High cost  

Low durability and power density  

Fuels requiring process 
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[Figure 22: Heat provided by DER (kWh)] 

 

The energy and cost saving potential is closely linked to the flow of heat in the plant in most cases. 

The basic idea behind waste heat recovery is to try to recover maximum amounts of heat in the 

plant and to reuse it as much as possible, instead of just releasing it into the air or a nearby river. 

A key component in waste heat recovery is the heat exchanger. The profitability of an investment 

in waste heat recovery depends heavily on the efficiency of heat exchangers and their associated 

life cycle costs (purchase, maintenance, etc). Although compact heat exchangers are very common, 

today, shell-and-tube heat exchangers are still dominating. As they are up to five times higher heat 

transfer efficiency ; Lower costs for both initial investment and maintenance ; Much smaller in 

size. Please refer [205] for more designs. Table 32 give the summary of the annual thermal (space 

heating and water heating) load demand from the site which is approx. 2,826,462.6kWh. As we 

can see in [figure 23] more than 50% of heat demand covered by the waste heat recovered annually 

from the heat exchanger is approx. 2,741,349.60 [see above figure 22] and can be seen in table 30 

the arrangement of discrete technologies. 
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[Figure 23: Waste Heat Utilization] 

 

It can be seen that during the outage period the loads are mainly served by the stationary battery. 

Simultaneously, a significant part of the low priority load is curtailed. It should be noted, however, 

that given the nature of the optimization algorithm, results are biased by foresight. In other words, 

as every time steps is solved simultaneously and is equally valued in the solution process, results 

reflect the anticipation of an outage, which will lead to an optimistic use of the battery. Although 

this is a limitation of the current DER-CAM version, it is possible to minimize this effect by 

applying the battery cycling obtained in standard day-types to the end-use loads and re-adjusting 

the available battery size. 

 

4.3. Utility Service: Managing electricity strategically 

In broad terms, demand response programs give us the ability to voluntarily trim our electricity 

usage at specific times of the day (such as peak hours) during high electricity prices or during 

emergencies (such as preventing a blackout). Such programs are becoming an integral component 

of the evolving smart grid infrastructure. It provides the ERCOT market with valuable reliability 

by preserve system reliability, enhancing competition, and mitigation price spikes signals. Such 

voluntary incentive programs help reduce excessive strain on the energy grid during times of peak 

demand, which helps to prevent rolling brownouts. Large companies are taking advantage of 

demand response programs because they offer an additional revenue stream and cost savings by 

managing electricity more strategically. 
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Seasonal Electricity Cost 

The PG&E electric tariffs consist of time-of-use tariffs for both electricity ($/kWh) and demand 

($/kW), which encourages load management by batteries.  

However, the high electric demand during on-peak hours, which coincident with the solar 

radiation, results in peak shaving by the battery and PV. Therefore, to satisfy the site’s objective 

of minimizing energy costs, the batteries have to be charged by grid power during off-peak hours 

instead of PV during on-peak hours. This circumstance, combined with storage inefficiencies, 

results in reduced carbon emission reduction potential compared to the case without storage.  

Understanding Utility Time of structure  

Below, figure 24 shows the graphical representation of energy consumption (kWh) and demand 

(kW) as mentioned in [215]. 

 

                                                      [Figure 24: Electricity Use profile] 

 

On-Peak: Highest energy cost. Avoid energy use whenever possible 

Mid-Peak: Medium energy cost. Minimize energy use 

Off-Peak-Lowest energy cost. Use energy efficiently: (Includes these holidays: New Year's Day, 

President's Day, Memorial Day, Independence Day, Labor Day, Veterans day, Thanksgiving day, 

Christmas Day. When a holiday listed above falls on Sunday, Monday shall be defined as holiday. 

Friday will not be recognized as holiday when a listed holiday falls on a Saturday) 

Please note that the cooling and refrigeration load is always expressed in consumed electricity of 

an equivalent electric chiller with a COP of 4.5. 

Example: If we have a cooling load of 100kWh (useful load = removed heat) then we have to 

convert this to an equivalent electricity load of an electric chiller (=22.22kWh, since normally a 

COP of 4.5 is used). 
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Utility companies invest in generation and distribution equipment to meet the maximum demand 

that all customers may require at one time. Utilities use peak demand to properly size electric 

service for their customers and to ensure that there is sufficient generating capacity available. 

Separate charges for energy consumption and demand more fairly distribute the costs of providing 

service to customers who use large amounts of energy. 

The energy charges are based only on the total amount of energy we consume. And demand 

charges are based on the highest level of electricity supplied at one time during the billing period 

and at the time of the day it’s needed by our business. 

 

Total energy consumption and demand are not necessarily related 

In the [Table 34] below, the total electricity consumption, measure in kilowatt-hours, by Company 

B was actually less than Company 1. But because B’s on-peak demand (measured in kilowatt) was 

much higher, Company 2’s total charges were higher. 

            [Table 34: Example summary. Note- Above example does not use actual prices] 

 Company 1 Company 2 

Energy Consumption 18,000kWh 16,000kWh 

On-Peak Energy Charge 8000kWh *$0.12=$960.0 7000kWh*$0.12=$840.0 

Off-Peak Energy Charge 7000kWh*$0.09=$630.00 6000kWh*$0.09=$540.00 

On-Peak Demand 40kW 90kW 

Demand Charge 40kW*$6.00=$240.00 90kW*$6.00=$540.00 

TOTAL CHARGES $1,830.00 $1,920.00 

 

Demand is the rate at which electric energy is used at any instant or averaged over any designated 

period of time and is measured in kilowatts (kW): 

 Capacity: Amount of capacity the utility has to have based upon our highest usage 

 On-Peak: Is generally set-up during the high used time period (it can be early evening, late 

afternoon due to heating & lighting. During summer: more mid-day time due to air 

conditioning load) 

 Mid Peak: It is between on peak and off peak. 

 Off Peak: It is the time of day when power is the cheapest for the utility to produce. 

Common Calculations are given below:- 

 Time of Use(TOU): Seasonality construct for off peak and with respect to crest that will 

change in winter and summer 

 Coincidental Peak: When all the essential load happen to achieve the peak utilization at 

the same time  
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 Declining Blocks of power: If we consent to purchase e.g 1000kW of force at a given cost 

and anything over that 1000kW power is utilized will drop to a lower cost. 

 Interruptible Blocks: A program we sign-up with utility. When the utility is reaching a 

point  where they are reaching capacity on the grid, then they would ask us to reduce power 

and sometimes that information comes one day before through weather forecast or they 

may give a 10 min or 15 min window warning where we have to reduce our power. 

 Ratcheting Blocks: We have a price range from 500kW- 1000kW, 1000kW-15000kW and 

so on. Let’s say, we are using the 500kW-1000kW price range. If we exceed the 1000kW 

demand then it will automatically rache it up to the price range 1000kW-15000kW. And 

we are in charge of this as utility need to keep power accessible for us regardless of the 

possibility that we are not utilizing it. 

In this study, both purchase electricity and natural gas from PG&E. The electricity tariff has Time-

Of-Use (TOU) pricing for both energy and power (demand charge). Demand charges are 

proportional to the maximum rate of electricity consumption (kW), regardless of the duration or 

frequency of such consumption over the billing period.  

 

 

                                               

 

Demand charges may be assessed daily or monthly (more common) and may be for all hours of 

the month or only certain periods (e.g. on, mid, or off peak), or hit just at the hour of peak system-

wide consumption. Above [Table 35 a,b] shows the energy prices considered in DER-CAM. 

[Table 35 b: 

Natural Gas 

Price] 

[Table 35 a: 

Electricity and 

demand charges 

both summer and 

winter season] 
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Graphical representation [Figure 22] of Time Of Use, day type is explained below for winter & 

summer.     

                              

     [Figure 25: Graphical representation of Time of Use] 

 

The demand charge in $/kW is a significant determinant of distributed generation and electric 

storage system installations (result summary). A marginal carbon emission factor of 140 g/kWh 

for electricity purchased from PG&E was assumed (Marnay et al. 2002). This marginal emission 

factor is used within DER-CAM to determine the carbon emissions from the macrogrid and to be 

able to estimate the carbon reductions of the microgrid in different investment cases.  

There are five demand types in DER-CAM applicable to daily or monthly demand charges:  

 

• Non-coincident: incurred by the maximum consumption in any hour. 

• On-peak: based only on on-peak hours. 

• Mid-peak: based only on mid-peak hours. 

• Off-peak: based only on off-peak hours. 

• Coincident: based only on the hour of peak system-wide consumption. 
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[Figure 26: Electricity cost for summer & winter for (week and weekend) graph] 

 

    [Table 36: Electricity Price ($) for summer and winter] 

                                   

 

The electricity demand charges and electricity cost shows the noticeable difference with respect to 

the season and day types, as shown in [Figure 26 & Table 36] and [Figure 27 & Table37]. This 

proves that by volunteering in the Utility demand response program and proper planning is simple 

cost effective measure. 
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[Figure 27: Electricity Demand Charges] 

 

[Table 37: Electricity Demand charges ($) for summer &winter (week, weakened, non-

coincident)] 

               

 

 

In totality, from the above analytical study to create and develop a realistic and efficient model to 

assist in decision making of adopting alternative energy solutions by taking into consideration of 
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the design process, equipment and operation choices. The ultimate goal is to achieve resilient 

sustainable energy solution with low carbon emission and cost-effective services, SAFE feature 

lists along with these six factors (Utility Electricity consumption (kWh/a), On-site Electricity 

generation (kWh/a), off-site CO2 (kg/a), Utility fuel consumption (kWh/a), Total CO2 

emission (kg/a), Annual cost ($), Baseload (kW), Min. State Of Charge and Discharge  

indicate how distributed generation affects the financial and environmental performance of the site 

being served. Another analysis in Figure 28, shows both the electricity consumption and CO2 

emissions compared in all stages.   

                                   

                     

 

                                  [Figure 28.CO2 Emission vs Electricity Consumption Analysis] 

 

Given that the cost optimization reduces the annual costs when compared to the base case, DER-

CAM makes a compelling argument to invest in the cost optimal solution to reduce costs and 

emissions. The annual electricity cost ($) reduced 83.2 % and the total annual CO2 emission 

reduced to 38.6%.  
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             [Table 38: Optimization Results] 

                      

 

 

     

    

  [Figure 29: Sustainable Approach for Energy Analysis ] 

 

The above shows the cost and CO2 optimization summary result [Table 38] & Figure 29. The 

results for the cost minimization cases with a maximum payback period of 12 years for the 

considered college site shows an improvement regarding the reduction of carbon emissions when 

compared to base case.    

[Table 39: Volumetric charges( Baseline Cost ($) /Optimized Cost ($) and Saving(%) ] 
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And above table shows the granular break down of the volumetric charges which are the elctricity 

costs that vary due to electricity use.i.e. the more electricity (kWh) used, the higher this portion of 

the bill. And below shown three column (1. Baselinecost($), 2. Optimized cost($), and 3. Total 

Savings(%).  As 13% of electricity was purchased from utility following the demand response and 

considering daytypes( on-peak,Mid-peak and off-peak) as discribed in above chapters. 

 

4.4. Result Summary 

The various patterns in the graphs indicate the source of the energy. For electrical loads [Figure 

31] profile indicates the portion of the electric load that can be met by only electricity, whereas 

above it is the total electric load, including cooling. During off-peak hours, the microgrid purchases 

cheap power from the utility to charge the battery and then consumes the stored power during on-

peak periods when utility purchases are relatively expensive as explained above. 
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                                [Figure 30 Electricity only and cooling loads] 

 

Note that since electric cooling loads [Figure 30] can be offset by the absorption chiller, there are 

four possible ways to meet cooling loads: utility purchases of electricity, on-site generation of 

electricity, absorption chiller offsets, and stored electricity in batteries. By finding the optimal 

combination for each hour of the test year, DER-CAM provides the microgrid with an optimal 

operating schedule for each of its installed technologies. For thermal loads [Figure 23], the area 

indicates the heat required for heating, whereas the solid blue line indicates the total thermal load, 

including heat required for the absorption chiller. 

In order to address how carbon emissions and total site energy costs vary below DER-CAM runs 

have been performed: 

 

 Described different types on distributed generation technologies and brief overview of how 

policies are making the investment attractive and why its integration is important. 

 Overview of SAFE approach: 

1. Understanding the key characteristics of the site under observation for future 

amount and types of energy demand   (historical data, weather data, heating load, 

cooling load and electricity load) 

2. A base case in which all DER investment is disallowed, i.e., the site meets its local 

energy demands solely by purchasing from utilities; and identifying the relevant 

energy systems that can meet the demand focus of energy. 
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3. DER-CAM optimization modeling parameters and formulations were discussed to 

understand the existing methods are used for creating the predictive model that can 

assist customers choosing energy source solution with projected demand. 

4. A microgrid case base different stages that finds the optimal DER investment 

considering the combination of storage with the distributed energy resources as 

described in chapter 4.  

5.  Appraising the cost effectiveness, sustainability (i.e. GHG emission and impact to 

environment), and resiliency of different options in chosen energy solution. Utility 

energy services were described and compared energy cost with demand charges. To 

understand the importance of demand response.  

6. SAFE model incorporated and optimized these nine factors Utility Electricity 

consumption (kWh/a), On-site Electricity generation (kWh/a), off-site CO2 (kg/a), 

Utility fuel consumption (kWh/a), Total CO2 emission (kg/a), Annual cost ($), 

Baseload (kW), Min. State Of Charge and Discharge, Utility Tariff, Equipment 

lifetime, Maximum Payback period and Heat recovered. 

a. Utility electricity consumption (kWh/a) was used as a base load which was  

$3,729,025.4 and by adopting distributed energy resources and participating in 

utility demand response  program utility electricity consumption drops down to 

$678,555.9 

b. A forced investment run to assess the value of storage systems. Stage 1 & 2 has no 

onsite generation, which can increase the risk on GHG emission and more 

electricity bills, hence investing in renewables, steam plant, additional efficiency 

improvements to campus utilities including adding co-generation capabilities, and 

reductions in building energy demand by optimizing building energy systems and 

performance to improve efficiency.   

c. Rising energy costs and legal requirements for reductions in CO2 emissions 

demand efficient solutions, particularly in applications that consume a large amount 

of energy. One solution that can be effective is the recovery of energy from waste 

heat. An innovative waste heat recovery systems utilize existing energy sources in 

order to efficiently generate thermal heat, process heat or electricity. The result: 

High efficiency, low emissions, cost reductions and lower consumption of 

resources. 

d. The efficiency of battery will depend on a number of factors including the rate of 

charging or discharging. The higher the rate of charge or discharge, the lower the 

efficiency. However it has been found that if a battery is only partially charged, 

efficiency may be reduced with each charge. If this situation persists (the batteries 

never reaching full charge), the life of the battery may be reduced. 

e. Utility service helps get the best price for the required energy purchases which 

affects the consumption, costs, efficiency and other energy-related information. 

Which helps in reducing energy costs and overall carbon footprint. 
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f. The payback rule, also called the payback period, is the length of time required to 

recover the cost of an investment. It is important to take into account that the base 

case cost is a fundamental input to DERCAM, as it strongly relates to the maximum 

payback time and will largely influence which technologies are present in the 

optimal solution. The maximum payback constrain is active in every investment 

run that is performed, and forces that any new investments generate savings against 

the reference cost that respect a simple payback period shorter than the maximum 

allowed payback time. 

 

One important note is that in switch runs, the reliability and availability of the different 

technologies such as ICEs, batteries or PVs is important. For example, PV cannot be used as 

backup during the night, batteries might not be fully charged when a grid failure occurs, and 

lead-acid batteries can only be discharged to 30% of total battery capacity to avoid battery 

damaging.  

 

Resiliency against natural disaster 

 

The direct advantages can be divided into two classes: local advantages that results from a 

Microgrids internal operation, and broader benefits resulting from the ways in which the 

Microgrid associates with the "microgrid" or bigger utility system, this [208] paper explains 

the cost and benefit evaluation of Microgrids. To model the PQR benefit of the microgrid, a 

certain amount of site load was assumed to be critical, during a microgrid failure for college is 

that it must meet 50% of its base load and 10% of its peak load (defined as any hourly load 

above the base); 

For the PQR runs, [165] availability of the different technologies such as ICEs, batteries or 

PVs is important. For example, PV cannot be used as backup during the night and batteries 

might not be fully charged when a grid failure occurs. Additionally, lead-acid batteries can 

only be discharged to 30% of total battery capacity to avoid battery damaging. These 

boundaries limit the potential of the different technologies to contribute to sensitive loads 

during a grid failure. 

 

• Customer Damage Function is used to estimate outage costs as a function of the outage 

duration. 
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 [Figure 31: DER Technologies to contribute the sensitive load assumed during grid failure] 

 

In figure 31 the critical load factor (Fs) is defined as the portion of the maximum electrical load 

that must be supplied during a microgrid disturbance. To be able to consider base (minimum 

electricity requirement experienced during any hour in the year) and peak loads separately DER-

CAM uses Fs, Base and Fs, Peak 

However, DER-CAM calculates the accessibility of storage technologies as well as PV relying on 

the charge/discharge cycle and solar radiation. The dependability/accessibility of ICEs and fuel 

cells were assumed to be 90%, and there is an 18% to 22% chance that photovoltaics can contribute 

to sensitive loads during a grid failure [165]. To fulfill the sensitive load, the product of installed 

technology’s availability factor and its installed capacity must be greater than the sensitive load. 

On the other hand, in cases with multiple technologies, the sum of the products must be greater 

that than the sensitive load. The detailed numerical definitions for calculating the average 

availability can be found in the appendix equations (B1 to B3). 

[206] Microgrid is an outstanding answer for power and energy preservation. It comprises of 

decentralized control and distributed components at distribution level of the central grid. Individual 

components of the microgrid are smart to change their state to optimized system operation. 

Transmission loss reduction, high service quality, reduction of demand for distribution and 

transmission facilities, support for rural electrification and generation redundancy are good 

components for the utility grid. At peak times, microgrids backup for demand diminishment in 

utility networks by the methods for either shaving load or increasing generation. When faults occur 

in utility grid, islanding operation of microgrid is harmful for supplies and utility systems. 

Utilization of conventional protection scheme in circumstances like this would bring about issues, 
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for example, false tripping of feeders and protective devices, blind protection, unsynchronized 

reclosing, prevention of automatic reclosing, undesirable islanding and so forth. Henceforth 

special anti-islanding protection schemes should be utilized. In cost estimation and tariff choices, 

exceptional features and advantages for utility and consumers of microgrids must be appropriately 

perceived and esteemed. Consequently separate tariff categories and legitimate regulations should 

be performed for microgrid use. 

 

4.5. SAFE analysis recommendations 

 

Guide for decision making on alternative energy solutions at a campus scale 

Step 1: Having a mandatory meeting every month with the users working in enterprises/institution 

and create situational awareness, with the feedback session. 

Step 2: Understand the end uses of the site, which will in turn help in segregating the critical loads 

with non-critical to maintain resiliency. 

Step 3: Approach to differentiate between Passive systems and Active systems 

[Table 40: Active and Passive measures described]  

Passive Active 

Efficient Envelope: 

Type of window glazing; Type of wall/facade 

Efficient Lighting: 

T5 Fluorescent Lights; LED tasks lighting; 

energy star equipment’s. 

Minimize Solar Heat Gain: 

Roof garden & vertical greenery; Sunshades 

Efficient HVAC 

Personalized Ventilation; Underfloor air 

distribution systems; Single coil twin fans; 

solar chimney 

Capitalize Day Lighting: 

Mirror ducts; Light pipes; Light shelves 

Active control 

Improved Building management systems 

 

Step 3: After understanding Step 2, identify the existing capacity and build retrofit technology 

options in the existing devices. 

a. Replacing or upgrading handling units 

b. Replacing or decentralizing boilers 

c. Upgrading Chillers/refrigerants 

d. On-going performance maintenance services 

Above were some general information which an individual should know before utilizing a SAFE 

analysis to assist decision making process of enterprise-level investment on alternative energy 

solutions. 
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Below are some recommendation for data collections: 

Step 4: The load data is needed from each month of the year and during each hour of week (Monday 

to Friday), weekend (Saturday and Sunday), and peak (three days with the highest demand within 

a month). Make sure that the monthly average hourly load data is entered in the table. 

Step 5: Utility tariff, participate in demand response, Time of Use (TOU) 

Step 6: Demand profile (Base Load) of individual building 

Step 7: Installation of Distributed energy resources: 

a) The optimal approach to size a CHP framework for a facility 

is by matching the thermal output of the system to the 

baseload thermal demand of the facility 

b) Upfront capital cost 

c) Annualized capital cost 

d) All the technical parameters should be known [refer table 25 

& 26] which further enhance the optimization run.  

Step 8: the energy efficiency can be achieved by installing building insulation, purchasing efficient 

appliances, and it reduces the demand for energy without customer sacrifice. 

Step 9: demand side can decrease their utilization of energy-consumption devices (turning off 

lights, setting computers in IT in sleep mode, etc) and increase conservation 

Step 10: the stationary batteries are charged during non-peak time and then supplies the stored 

electrical energy back to the systems during the peak operating time. 

Step 11: When the PV generation is insufficient to meet the load demand, utility purchase and 

stationary battery are used to make up the difference.  

SAFE analysis is a useful approach that can provide information on the optimal size, type and 

operation schedule for DER adoption based on specific site load and price information, and 

performance data for available equipment options. It basically estimates the annual energy 

operating cost and total annual CO2 emissions. It encourages Institutions/enterprises to participate 

in efficiency conservation, and/or load management activities through public campaigns, direct 

communication, or increase individuals access to information and can help in implementing net-

zero building campuses.
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CHAPTER 5 

 

5.1 Conclusion 

One major challenge for most of the academic institution is that they rely solely on utility company 

for its electricity and energy consumption data. The pace of CO2 concentration in atmosphere 

depends strongly on how much fossil fuel is used globally [2.13 billion metric ton= 1ppm]. 

Therefore it is very important to understand the consequences of climate change and each 

individual should take initiative and spread the awareness to implement and adopt green 

technologies. Hence, in the above chapters systematic approach is used to answer the possible 

research question through our SAFE approach.  

One major conclusion from the analysis is that load profiles, tariff structure and available 

distributed energy resources enormously affect the site's achievable energy cost and carbon 

emission reduction. For that, comprehension of various energy models like, demand, supply and 

impact models focus area is described; demand models concentrate on either the whole economy 

or a specific sector and regard demand as a function of changes in population, income, and energy 

prices; Supply models concentrate mainly on the technical perspectives concerning energy systems 

and whether supply can meet a given demand, yet may incorporate financial aspects utilizing a 

least-cost approach; Impacts can be caused by using certain energy systems or authorize certain 

policy measures. Impacts may incorporate changes in the financial/economic circumstance, 

changes in the social circumstance (dispersion of wealth, employment), or changes in health and 

the environment (emissions, solid or liquid waste, biodiversity). In the event that there are a few 

choices they should be contrasted and appraised in order to select the most suited alternative. 

EFOM-ENV model type (to create something internally, particularly a parameter inside   economic 

model) utilizes the procedure of input-output table. Which contains all the vital information of a 

procedure, for example, efficiency, availability, emission and costs, the strength and the weakness 

of software-based hybrid energy system in term of availability, Optimization and Focus area. 

Challenge is cooling because there are numerous technology to supply cooling and they are not 

quite the same as each other. The high electric demand during on-peak hours, which coincident 

with the solar radiation, brings about peak shaving by the battery and PV. Minimizing the cooling 

load at peak hour is critical. All the electrical system are intended to run the peak load and the peak 

load itself is driven by cooling. Therefore, if we size the cooling load that means we are sizing the 

majority of the building load. Both thermal and electrical storage capacity have been added to 

DER-CAM, in this manner making it a more helpful optimization tool for on-site generation choice 

and operation. The capabilities have been analyzed of a prototypical San Francisco College. 

Results show that there are possibilities of reducing electricity cost and CO2 emission. It should 

be noted that although the case study demonstrated has primarily focused on optimal selection of 

investments, stage-wise optimization operational schedules are implicit in the strategy, and cases 

are reported for as figures and tables in result sections. Consolidation of electrical storage into 
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DER-CAM will encourage analysis of developing transportation technologies. For instance, the 

selection of plug-in hybrid as individual transportation, with their on-board electrical storage offer 

an on-site load leveling opportunity at negligible extra investment with potential for additional 

diminishment in carbon emissions. Note that payments for the storage capability of vehicles, as 

well as other possible services, such as, rapid response load following, could make the economics 

of such transportation modes more favorable and accelerate their deployment. The integration of 

such features into DER-CAM is a promising point for further investigation. 

Several sectors are responsible for the difference between the energy demand profile of residential 

and commercial areas. Both the floor area per lot and the energy intensity are higher in commercial 

building, expanding total load on commercial lots. The portion of aggregate load that is base 

electric (lighting, machines, and so on.) is likewise higher, figure 18, and the diurnal demand 

profile is more apparent, with peak electricity demand commonly occurring during the afternoon 

weekdays, figure 15. Space conditioning intensities also varies contingent upon the source of space 

heating and cooling. In many urban areas, electricity is the source of space cooling and direct fuel 

consumption is the source of heat. Electric chilling reduces the intensity of space cooling because 

electric chillers provide several units of cooling output for every unit of electricity input. 

Absorption chillers have the inverse impact since a single- effect absorption chiller produces less 

than one unit of cooling output for every unit of heat input. The load profile of numerous 

commercial buildings infers they are great candidates for peak shaving strategies, or for 

operational optimization – i.e., where the system is operated when it is cheaper to cogenerate 

electricity than to buy it. Likewise, in our analysis, PG&E utility tariff is followed which specifies 

the three day types with different charges: on-peak; mid-peak and off-peak to create a market 

awareness that these options can be taken into account to reduce energy prices. 

The case study analysis was fruitful, in conjunction with the DER-CAM, effectively implemented 

a procedure for identifying the adoption of DG/CHP across the college. This can be taken as a 

benchmark to study cogeneration and the optimization of the energy delivery system in key 

facility. The outcomes recommend that microgrid can be utilized to decrease both costs and GHG 

emissions. While the result generated by DER-CAM might be optimistic, they are convincing and 

surely warrant further investigation. Additionally, this study is intended to start a discussion with 

city planner, residents, and gas and electric utilities, rather than represent a definitive statement 

about where to build microgrids. The results also indicate promising areas for further analysis and 

potential improvement, both for reducing costs and for decreasing CO2 emissions all while 

expanding the resilience  of overall grid. Because of the limited capabilities of the current DER-

CAM version further research might be needed to derive a conclusive result. 
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CHAPTER 6 

FUTURE WORK- PROPOSED FRAMEWORK 

 

6.1. SCHEMATIC FLOW OF DATA via USER INTERFACE: DER-CAM 

As explained in the above chapters, integration of DER-CAM optimization tool is optimistic for 

investment planning and CO2 emission reduction analysis. However, this way of automation could 

be a barrier, because it allows the optimization and user less control. Hence, the future work is to 

focus on ensuring the reliability of energy supply, better use of demand response, and disaster 

management capability (hyper converged infrastructure). Therefore, a feedback loop is used via 

OpenStack cloud [210]. As it allows organizations of any size to continuously optimize and 

customize to view the intrinsic details of their resources and processes. Further, help the facility 

and the utility to automate reporting in a reliable and secure manner. 

This section is briefed to achieve the integration, as follows: 

 Step 1: Fig 1 shows the schematic flow of data, when DER-CAM optimization tool is 

implemented 

 Step 2: Introducing the OpenStack Networking 

 Step 3: Integration of OpenStack networking with facility 

 Step 4: Proposed Framework 

Step 1: The schematic flow of data, when DER-CAM optimization tool is implemented 

 Utility: This data is one of the main one for optimizing the total energy costs, because it 

represents all of the rates for buying electricity from the utility. The electricity rates, 

demand charges and occurrence of peak tariffs. 

 Technologies parameter: to run an optimization, several information, like installed capacity 

for PV or other technologies, and constraints, like efficiency and minimum load, of the 

technologies are necessary.  

 Weather data: to provide the actual weather data. 

 Physical parameter: this module has the area, location and passive parameters. 

All above parameters goes as an input to the building control system/energy plus a simulation 

module. And (1) the data is locally stored in the MySQL database where the PHP script queries 

the load shedding data and creates a .csv file and (2) the .csv file is taken as input to web-opt server 

uploaded to DER-CAM which further (3) executes the optimization based on its Mixed integer 

linear programming formulation in generalized algebraic modeling system then (4) the optimized 

and scheduled result can be seen via user interface. 
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6.2. Integrating OpenStack with Supply and demand technology 

 

   

OpenStack

libguest fs                                                                                   (nova-compute) 

guestfish;virt-x                                                                                             

   

 

 libvirtd 

 (VM1) (VM2) 

[Device Emulation]  QEMU         QEMU  

       Hypervisor-KVM (/dev/KVM) 

LINUX 

 

[Figure 33: OpenStack Cloud (KVM Virtualization building blocks)] 

 

Brief explanation (OpenStack Cloud (KVM Virtualization building blocks): 

 

 

[Figure 32: Schematic flow of data in the implementation phase of DER-CAM] 
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1. Hypervisor KVM (kernel based virtual machine): Kernel module that turns Linux into Virtual 

Machine monitor [209] 

2. Merged into Linux kernel 

3. QEMU: Emulator used for I/O device virtualization 

4. Libvirt: KVM Management 

o Library: Open Source project ; Manages multiple hypervisors 

o Command Line: Powerful, Complex to use 

o Network Daemon: Enables remote management 

o Base for the other management tools: OpenStack 

o libvirtd: runs on VM Host Server and manages communication between the virtualization 

solution (KVM,Xen,LXC) and libvirtAPI 

o libguestfs: It is a set of tools for accessing and modifying VM disk images. We can edit 

files inside the guests, performing backups,cloning VMs, resizing disks and it can also 

access disk images on the remote machines 

 guestfish: all the functionality which are being used by libguestfs is available 

through a scriptable shell called guestfish. 

6.2.1. Basic understanding of inbound and outbound traffic 

 Virtual machine sends traffic out to public networks, it sends it first to its default gateway ( any 

place 'nova-network' is arranged) in a different connector setup, this is over connector that is 

configured as a bridge interface and associated with different hosts through a switch 

 

 

 

 

 

 

 

 

 

 

[Figure 34: Visualization of Inbound and outbound traffic flow in OpenStack nova-network] 

 At that point the host on which 'nova-networks' is configured as a router and forwards the 

traffic out to the web. Regularly over the second interface, which has been configured with 

a hosts web IP address [213] 

Inbound Traffic: Expecting floating IP address has been set up, the 'nova-network' host is in charge 

of facilitating that IP address and doing the DNAT/SNAT tending to route the traffic to the fitting 

virtual machine. 
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6.3      PROPOSED FRAMEWORK  [Figure 32] 
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6.3.1 Brief description      

From the analysed case study that DER-CAM has an ability to optimize the electricity load, heating 

and cooling load with respect to all the input provided by Energy plus.We also saw the result tables 

that the electricity consumption and CO2 emission goes down with all the vital factors taken into 

consideration. 

Now, benefits of taking part in demand response programs, and keep the receiving end (facility 

manager) updated for any change in demand  charge. This will reduce vendor –lock in, increase 

innovation and lowers technology costs also making everything scallable by sending the data to 

the cloud.  

We can integrate Openstack cloud infrastucture and configure using flatnetworking or VLAN 

networking.  As it is a logical slice of physical network, systems in one VLANs are separated from 

other VLANs. Simar to this openStack network also provide a logical space isolated from other 

openstack networks. Separation of virtual networks are known as segmentation. Behind the scenes 

Data Flow mapping guide 

Demand Side 

Data sent to RaspberryPi Virtual Machine                 

Data received from RaspberryPi Virtual Machine                                                               

             User interface         

Facility Side 

     OpenStack Neutron: 

 Management, VM Data, Internet and API 

 Compute node 1 (VM1, L2 agent); Compute node 1 (VM2, L2 agent) 

              Controller Node               

      RaspberryPI (sink node) 

 Connected to Wireless sensor nodes via Wireless HART 

    Update sent via HTTPs to utility over public cloud 

 Utility (Supply side) 

 Demand response updates send via secure protocol 

                

                         

          

 

 



109 
 

109 
 

various technologies can used to keep the OpenStack network segmented across the 

infrastructures, which include: Traditional VLANs, tunneling VXLANs and GREs, Network 

Namespaces and OpenFlow Rules [214]. 

But here only the idea is proposed to integrate the OpenStack Networking and make the access of 

data more flexible, secure and reliable for more efficient energy system. 

 

6.3.2.  Overview of the OpenStack Neutron 

 

As per the framework, OpenStack neutron has different components in networking are 

Management, VM Data , Internet and API. Neutrons has different services like Neutron service 

itself then the agents L2 agents, vRouters,DHCP, Metadata; all these agents communicate via 

management network via mechanism usually AMQP/RabbitMQ as they will be talking through 

messaging implementations. And that sort of traffic need to be separated from different network. 

So, all of that traffic will be flowing through the management network. L3 Agents receives 

notification from the neutron server and then locally manages virtual routers running on the 

network node itself. DHCP agent will be incharge of ip address allocations (which receives create 

network/delete network, etc. notification from neutron server) then uses linux technology called 

DNS mask (DHCP server). To boot the virtual machine.L2 agent provides connectivity 

VM network would be where the actual traffic will be flowing for eg. VM1 on Compute node 

(Nova compute, L2agent) want to talk to VM2 on another Compute Node (Nova compute, L2 

agent) but on same network. Now this kind of traffic need to be separated from management traffic. 

API network and Internet network/External network should be accepted by the public clouds, 

therefore it need to be created. 

API services will be running all the OpenStack Servers, for e.g. nova server, swift,keystone,glance 

and Neutron as well. Usually in the initial all the services are deployed along with the neutron on 

the public node and not on the network node. Using these API services to be reachable via the API 

network from the Internet (which is for external traffic) 

 

6.3.2.1. Data Flow 

 

From the above fig below are the data flow 

a. UPSTREAM: 

(1) The data is locally stored in the MySQL database where the PHP script queries the load 

shedding data and creates a .csv file and  

(2) The .csv file is taken as input to web-opt server uploaded to DER-CAM which further  
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(3) Executes the optimization based on its mixed integer linear programming formulation in 

generalized algebraic modeling system then  

(4) The optimized and scheduled result can be seen via user interface 

(5) & (6) the optimized result is routed back to the excel interface and directly sent back to the 

BCS via RaspberryPi server. The communication takes place by using a local area network (LAN) 

or wide area network (WAN) to transmit this file. A simple protocol like secure file transfer 

protocol (SFTP) can act as an application programming interface (API) which is illustrated in the 

middle of the provider of optimization and the BCS. 

(7) In order to communicate with RaspberryPi, the Virtual machine should have Raspberry Pi 

Virtual Machine refer [https://grantwinney.com/how-to-create-a-raspberry-pi-virtual-machine-

vm-in-virtualbox/] to create and which emulates the exact environment to receive data from 

RaspberryPi. 

(8) The network node acts as a controller (management network) and it is installed with SNAP-

ON software, which is a facility management software. Below are the function of controller node: 

 Receives updated load demand from Virtual machine 1 

 Sends the data to the facility RaspberryPi web server which is situated on a network 

available to a single remote IP address not connected to any other network inside the 

building. This arrangement is necessitated by the cyber security concerns of the UH. 

               http://[IPaddress]:[port]/[password],[control 1], [control 2]……[control n] 

 The controller has a python script which checks the load demand received with the current 

technical parameters of all the technology available in the facility. 

 If the load demand varies (number of factors that can change the load demand like by 

additions capacities or weather change etc.). In this case data is send to the raspberry Pi 

which also acts as a sink node for the wireless sensor nodes present in the facility. 

(9) The Wireless sensor network uses standard mesh network which utilizes radios in the globally 

available     unlicensed 2.4 GHz. 

 Sensors should run on batteries for 5 years and offers facility manager ultimate 

flexibility. 

 Uses Time slotted channel hopping (TSCH) (WirelessHART) 

 All the sensors make the appropriate changes accordingly. 

 The status of the sensors can be visualized via SNAP-ON software (wireless 

link quality, measured in signal strength RSSI, End to end packet success rate 

and battery life) 

10) The updated requirement from Utility is send via HTTPs via TCP/IP which gives the 

transparency of price, reliability and prompt acknowledgements. 

Demand Response 

http://[IPaddress]:[port]/%5bpassword%5d,%5bcontrol
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Next option is, what if the facility want to participate with the Utility demand response but using 

its own secure cloud. Change a utilities current business practices, allows DR technology 

specifications to be interoperable , can be used for price or reliability DR , Standards are secure 

and reliable , Impact pricing or financial planning for a utility , It enables DR with dynamic tariffs– 

facilitate ubiquitous response capabilities           

b. Downstream 

(12) Demand response send to the network node via router from the public network 

(13) The data is further forwarded to the VM 2, which also has RaspberryPi virtual machine and 

send data to the server 

(14) Further it is routed to the MySQL database where the PHP and python scripts runs the queries 

to check the new values and update the excel accordingly with respect to the demand response 

program participated  

(15) Then the .csv file is send to the DER-CAM for optimization and further send back to the 

Building control system. 
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APPENDIX  

TERMINOLOGIES (A) 

DER-CAM Equipment’s Description: 

• Electric Storage: Energy Storage allows buildings to balance the supply and demand of energy. 

There are various electrical storage systems, depending on the applications, such as power quality 

enhancement, uninterruptable power supply (UPS), energy management, and large scale storage 

for electric utilities. In terms of daily energy management for microgrids or single buildings only 

lead-acid batteries, lithium ion (Li-ion) batteries, flow batteries, and sodium sulfur batteries (NaS) 

are considered in this work. 

• Heat Storage: Thermal energy is often accumulated from active solar collector or more often 

combined heat and power plants, and transferred to insulated repositories for use later in various 

applications, such as space heating, domestic or process water heating.  

• Absorption Chiller: The process to cool a building with an absorption chiller is similar to that 

used by conventional air conditioning systems in that there is compressor, condenser, and 

evaporator equipment within the system.  

• Absorption Refrigeration: An Absorption Refrigeration uses a heat source (i.e. solar, kerosene-

fueled flame, waste heat from factories or district heating systems) to provide the energy needed 

to drive the cooling system. Note that the same would be true for abs. chiller. The difference is 

that one is for building cooling and the other for refrigeration.  

• Photovoltaic (PV): PV is a method of generating electrical power by converting solar insolation 

into direct current electricity using semi-conductors that exhibit the photovoltaic effect. PV power 

generation employs solar panels.  

• Solar Thermal: Solar Thermal technology uses the sun’s energy, rather than fossil fuels, to 

generate low-cost, environmentally friendly thermal energy. This energy is used to heat water or 

other fluids, and can also power solar cooling systems. Solar thermal systems differ from PV 

system, which generates electricity rather than heat.  

• “Other” or Abstract Demand Response: Demand Response manages customer consumption 

of electricity in response to supply condition. The demand response mechanisms respond to 

explicit requests to shut off and can involve actually curtailing power used or by starting on-site 

generation which may or may not be connected in parallel with the grid. However, the “Abstract 

Demand Response” is just load shifting due to behavioral changes and no technology investment 

is needed. 

• Air Source Heat Pump: The ASHP is a heating and cooling system that uses outside air as its 

heat source or heat sink. Under the principles of vapor, compression, refrigeration, an ASHP uses 

a refrigerant involving a compressor and a condenser to absorb heat at one place and release it at 

another. 
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• Ground Source Heat Pump: The GSHP is a heating and/or cooling system that pumps heat to 

or from the ground. It uses the earth as a heat source (in the winter) or a heat sink (in the summer). 

The design takes advantage of the moderate temperatures in the ground to boost efficiency and 

reduce the operational costs or heating and cooling systems, and may be combined with solar 

heating to form a geosolar system with even greater efficiency. However, this version of WebOpt 

does not track the heat in the ground and basically acts as a ASHP, but with different Coefficient 

of Performance (COP).  

• Existing Electric Chiller: The conventional electric chiller removes heat from a liquid via 

evaporation compression-refrigeration method. This technology is needed in WebOpt to balance 

supply and demand if no other cooling technology is selected. Please note that no investment costs 

are considered for the Existing Electric Chiller since the technology is assumed to be already 

installed in the building (the same is true for heating and boilers). 

 

Definitions: 

Fixed cost: in $, applied as soon as the technology is selected, regardless of the size. This can be 

used to model engineering and permitting costs.  

Variable cost: in $/kW for PV and the power part of the flow battery and in $/kWh for the regular 

battery and the energy part of the flow battery. Please note that this parameter also includes costs 

for power electronics necessary for charging and discharging. High charging and discharging rates 

require more expensive power electronics, and therefore, increase the variable cost. To account for 

this fact, WebOpt offers different technology set with fast or slow charging and discharging rates.  

Lifetime: in years.  

Fixed maintenance per month: expressed in the same units as the variable costs but applied to a 

full month. 

1. Regular Battery Parameters 

Efficiency of charge: fraction of the electricity sent to the battery that is effectively stored in the 

battery.  

Efficiency of discharge: fraction of the electricity discharged from the battery that is effectively 

available.  

Decay (self-discharging): fraction of the energy stored in the battery that is lost by self-

discharging in one hour. 

Maximum charging rate: maximum fraction of the battery capacity that can be charged up in one 

hour. Please note that this also depends on the charging infrastructure.  

Maximum discharging rate: maximum fraction of the battery capacity that can be discharged in 

one hour. Please note that this also depends on the charging infrastructure. 
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Minimum state of charge: minimum level of charge to avoid damaging the battery. 

 

2. Flow Battery Parameters  

The parameters of the flow battery are the same as for the regular battery but without the maximum 

charge and discharge rate, as flow batteries are not limited in this regard. 

 

Parameters description: 

 ICE: Internal combustion engine 

 FC: Fuel cell 

 small: small size 

 med: medium size 

 HX: Heat Exchanger that enables waste heat utilization 

 SGIP: Self Generation Incentive Program in California; it basically means that the capital 

costs are subsidized 

 maxp(kW);lifetime(years); capcost($/kW); OMFix($/kW/year); OMVar($/kWh); 

efficiency = electric efficiency (/); alpha (kW/kW); 

 If you enter 0 for maxp or capcost the technology will not be considered in the optimization. 

 alpha specifies the amount of recoverable heat (kW) from one kW electricity. 
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DER-CAM optimization models formulation detailed parameters (B) 

StaticSwitchParameterValue  Benefit (negative cost) obtained from installing switch ($) 

CostM     Variable cost of switch ($/kW) 

CostB     Fixed cost of switch ($) 

SwitchSize Size of switch (kW), which is zero if the switch capability is not  

considered, i.e., this over-rides the constraint in equation 

ElectricityStorageMaxChargeRate Maximum fraction of remaining battery capacity that can be 

charged in one time period. 

ElectricityStorageMaxDischargeRate     Maximum fraction of stored battery capacity that can be discharged  

in one time period. 

ElectricityStorageMinStateofCharge Minimum fraction of battery capacity that should remain 

FlowBatteryMinStateofCharge Minimum fraction of flow battery capacity that should remain 

NGforABSm                               Natural gas price for chillers during month 𝑚 (US$/kWh) 

OtherFuelPricek                        Price of fuel associated DG technology 𝑘 (US$/kWh) 

MonthlyFeeElectric   Utility fee for electricity provision (US$/month) 

MonthlyFeeNGBasic              Utility fee for basic NG provision (US$/month) 

MonthlyFeeNGforDG              Utility fee for DG NG provision (US$/month) 

StandbyCharge               Standby charge for DER investment (US$/kW-month) 

COPelectric Coefficient of performance for electricity 

COPabs Coefficient of performance for absorption chillers 

NGChillCOPk Coefficient of performance for direct-fired chillers 

AvailabilityElectric Storage Average fraction of stored electricity that can be discharged in one 

day 

FlowBatteryEfficiencyCharge Fraction of charged electricity into flow battery that is lost in 

energy transfer 

FlowBatteryEfficiencyDischarge           Fraction of electricity discharged from flow battery that is lost in 

energy transfer 

FlowBatteryEfficiencyDecay Fraction of electricity in flow battery that is lost in one time period 

HeatStorageEfficiencyCharge Fraction of heat sent to storage that is not lost in energy transfer
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HeatStorageEfficiencyDischarge Fraction of discharged heat from storage that is not lost in energy 

transfer. 

HeatStorageEfficiencyDecay Fraction of stored heat that is lost in one time period 

HeatStorageMaxChargeRate Maximum fraction of remaining heat storage capacity that can be 

charged in one time period. 

HeatStorageMaxDischargeRate               Maximum fraction of storage heat that can be discharged in one 

time period. 

CostM Variable Cost of Switch ($/kW) 

CostB Fixed cost of switch ($) 

SwitchSize Size of switch (kW), which is zero if the switch capability is not 

considered, i.e., this over-rides the constraint in equation (59) 

CapCosti Turnkey capital cost of generation technology i (US$/kW) 

CaoCostk Turnkey capital cost of direct-fired chiller technology k (US$/kW) 

AnnuitySwitch Annuity factor for switching equipment 

Availability Electric Storage Average fraction of stored electricity that can be discharged in one 

day 

NGforHeat m,d,h Purchased natural gas used for heating during hour h, type of day 

d, and month m for heat (kWh) 

Electricity Provided m,d,h Total electricity supply during hour h, type of day d, and month 

m(kWh) 

Electricity Generation m,d,h Total electricity from on-site thermal electricity generation during 

hour h, type of day d, and month m (kWh) 

ElectricityPVm,d,h Total electricity supply from on-site photovoltaic generation 

duration hour h, type of day d, and month m (kWh) 

Electricityfrombattery m,d,h Total net electricity supply from batteries during hours h,type of 

day d, and month m (kW) 

Electricity from Flow Battery m,d,h Total net electricity supply from flow batteries during hour h, type 

of day d, and month m (kW) 

Electricity Stored Losses m,d,h Electricity lost from batteries during hour h, type of day d, and 

month m (kW) 

FlowBatteryStored m,d,h Total electricity stored in flow batteries during hour h, type of day 

d, and month m (kW)
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FlowBatteryInput m,d,h Net electricity sent to flow batteries for storage during hour 

h, type of day d, and month m (kW) 

Flow Battery Output m,d,h Gross electricity released from flow batteries during hour h, 

type of day d, and month m (kW) 

Flow Battery Losses m,d,h Electricity lost from flow batteries during hour h, type of day 

d, and month m (kW) 

Electricity for Cooling m,d,h Cooling load met by electricity during hour h, type of day d, 

and month m (kW) 

Electricity for storage m,d,h Gross electricity sent to batteries for storage during hour h, 

type of day d, and month m (kW) 

Electricity for Flow Battery m,d,h Gross electricity sent to batteries for storage during hour h, 

type of day d, and month m (kW) 

NGChillAmount k,m,d,h Offset cooling load during hour h, type of day d, and month 

m by using absorption chiller k (kW) 

CoolingbyAbsorption m,d,h Cooling load met by continuous absorption chiller during 

hour h, type of day d, and month m 

CoolingbyElectric m, d, h Cooling load met by electricity during hour h, type of day d, 

and month m 

CoolingNgChill m,d,h Cooling load met by absorption chiller during hour h, type 

of day d, and month m 

HeatStorageOutput m,d,h Gross stored heat released during hour h, type of day d, and 

month m (kW) 

Electricity Stored Input m,d,h Net electricity sent to batteries for storage during hour h, 

type of day d, and month m (kW) 

Electricity Stored Output m,d,h Gross electricity released from batteries during hour h, type 

of day d, and month m (kW) 

HeatfromNG m,d,h Net heat from burning natural gas during hour h, type of day 

d, and month m (kW) 

HeatfromSolar m,d,h Net heat from solar thermal during hour h, type of day d, and 

month m (kW) 

HeatfromStorage m,d,h Net heat released from storage during hour h, type of day d, 

and month m (kW) 

Heat from NG Chill m,d,h Net heat from direct-fired chillers  during hour h, type of day 

d, and month m (kW)
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Heat Stored m, d, h Total heat stored during hour h, type of day d, and month m 

(kW) 

Heat Storage Input m,d,h Net heat sent to storage during hour h, type of day d, and 

month m (kW) 

Heat Storage Losses m, d,h Heat lost from storage during hour h, type of day d and 

month m (kW) 

Heat for Cooling m,d,h Gross heat for cooling during hour h, type of day d, and 

month m (kW) 

Heat for Storage m,d,h Gross heat for storage during hour h, type of day d, and 

month m (kW) 

DailyDemandCharge m, d Daily demand charge for month 𝑚 and demand type 𝑑  

(US$/kW) 

Purchase l Binary decision variable of continuous investment 

technology l purchased  

 

PQR formulation for calculating average formulation. 

 

𝑆𝑤𝑖𝑡𝑐ℎ𝑆𝑖𝑧𝑒 = 𝑚𝑖𝑛𝑚∈𝑀,𝑑∈𝐷,ℎ∈𝐻 { 𝐿𝑜𝑎𝑑𝑒𝑜,𝑚,𝑑,ℎ. 𝐹𝑟𝑎𝑐𝐵𝑎𝑠𝑒} +

( 𝑚𝑎𝑥𝑚∈𝑀,𝑑∈𝐷,ℎ∈𝐻  {𝐿𝑜𝑎𝑑𝑒𝑜,𝑚,𝑑,ℎ} −  𝑚𝑖𝑥𝑚∈𝑀,𝑑∈𝐷,ℎ∈𝐻  { 𝐿𝑜𝑎𝑑𝑒𝑜,𝑚,𝑑,ℎ}). 𝐹𝑟𝑎𝑐𝑃𝑒𝑎𝑘 B1 

 

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑆𝑜𝑙𝑎𝑟𝐷𝑎𝑦𝑚 =  
∑ 𝑆𝑜𝑙𝑎𝑟𝐼𝑛𝑠𝑜𝑙𝑎𝑡𝑖𝑜𝑛𝑚,ℎℎ∈𝐻

24
 ∀𝑚      B2 

 

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑆𝑜𝑙𝑎𝑟 =  
∑ 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑆𝑜𝑙𝑎𝑟𝐷𝑎𝑦𝑚𝑚∈𝑀

12
         B3 

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑆𝑡𝑜𝑟𝑎𝑔𝑒 =

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝑀𝑎𝑥𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒𝑅𝑎𝑡𝑒.
(24−

1

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝑀𝑎𝑥𝐶ℎ𝑎𝑟𝑔𝑒𝑅𝑎𝑡𝑒
 )

24
 .  B4 

 

 ∑(𝐷𝐸𝑅𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡𝑖  . 𝑅𝑒𝑙𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝐷𝐸𝑅. 𝑆𝑝𝑟𝑖𝑛𝑡𝐶𝑎𝑝𝑖) + 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑆𝑜𝑙𝑎𝑟. 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑝𝑣

𝑖∈𝐼

+ 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑓𝑝 + 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑆𝑡𝑜𝑟𝑎𝑔𝑒. 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑒𝑠 ≥ 𝑆𝑤𝑖𝑡𝑐ℎ𝑆𝑖𝑧𝑒 

  


