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Abstract. Residential electrical energy users in Virginia pay on average $0.12 kWh for 

electricity, the 20th highest rate in the nation in residential electricity users and the 10th highest 

in the nation for industrial users. Advances in renewable technology and the precipitous 

downward trends in the cost of solar energy provide residential users with alternatives in 

electricity generation through solar photovoltaic (PV) systems. Residences with solar panels 

generate electricity during daylight hours, when the demand for electricity at the typical 

residence is at its lowest. At locations without net metering, excess energy that is not taken in by 

the utility and is wasted into the ground. This paper describes the design of peer-to-business 

energy trading system that allows residential generators to monetize their excess energy by 

selling direct to nearby industrial users. 
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Introduction 
The appeal of solar photovoltaic (PV) systems has been on a steady increase over the past several 

decades. The growth of installed solar power has seen its rate double every two years over the 

last 25 years [10]. The motivation of many residential users install solar PV systems is to reduce 

energy costs and gain greater energy independence from utility providers [11].  

 

Despite the appeal of cheap renewable solar energy, solar panels do not generate energy over a 

24-hour period. The challenges of renewable solar energy are constraints of generation during 

daylight hours when typical household demand is at its lowest points. Renewable solar energy 

production generated during daylight hours when residential energy demand is at their lowest 

and industrial demand at their highest thus resulting in excess wasted renewable solar energy. By 

using a peer-to-business (P2B) network, residential solar generators could sell excess energy to 

either other residential users or nearby industrial users that exhibit high demand during peak 

demand daylight hours.  
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This paper describes the design of peer-to-business energy trading system that allows residential 

generators to monetize their excess energy by selling direct to nearby industrial users. The 

analysis demonstrates the feasibility of renewable solar energy with an industrial user through 

the use of historical energy consumption data and solar energy generation with the development 

of a probabilistic Monte Carlo simulation model. The model predicts, given the geographical 

location, the number of homes in residential subdivision that can generate enough solar energy to 

meet its own consumption and to an adjacent industrial user. The paper describes the problem 

and need of system for the primary customer to include the physical and functional 

characteristics of the system, the analysis of the system, and evaluation of the system in 

determining the feasibility of residential renewable energy trading by capitalizing on wasted 

solar that would otherwise be absorbed into the Earth beyond battery storage capacity during the 

daytime hours when production is at its highest level.  

 

 

Context Analysis 
The Commonwealth of Virginia residential and commercial electrical energy prices have been 

historically rising at a rate of 2.4% and 1.4% respectively since 1990. Residential prices have 

risen from $0.0725 in 1990 to $0.12 in 2015, while solar energy prices went from $0.13 in 2009 

to $0.613 in 2015 [1]. The cost of solar PV panels has steadily declined over the past few 

decades, with prices dropping by 60% just between 2008 and 2014 [4], and projections for solar 

PV generation prices to fall below $1 per watt by 2020 [5]. According the Department of 

Energy’s Solar Energy Technologies Program, with potential breakthroughs in solar technology, 

the cost of solar energy is projected to reduce and level off at $.06 per kWh through 2030 [5]. 

 

Electrical energy demand presents a serious challenge for Commonwealth of Virginia and the 

nation, but renewable solar PV system energy prices dropped from since the late 1970s from 

$76.00 per Watt to less than $0.613 cents per Watt in 2015. With the inclusion of federal, state, 

and local tax incentives across the US, cheap renewable solar energy is an affordable option for 

residential single-family homeowners to stabilize monthly increase in their utility energy bills 

each month [2].  The increase in monthly utility energy bills varies, in some cases, depending on 

the time of year, seasonal weather changes, energy appliance loads, and daily energy 

consumption loads. What appears consistent with examining historical residential data is energy 

consumption typically follows a pattern of use from a gradual rise in energy consumption in the 

early morning hours, plateaus between 9am to 3pm, and rise again from 4pm to 10pm in the 

evenings taking on a normal business day pattern or otherwise a “bathtub” pattern of energy use. 

Depending on geographical location and available solar radiation, solar PV system generates 

renewable solar energy during the early morning hours, midday hours with peak intakes, and 

steadily declines in the late afternoon hours where the traditional electrical grid has peak 

customer demand. Once renewable solar energy generation reaches the maximum capacity 

during midday hours and cannot be stored any longer in the battery storage, the remaining solar 

energy is wasted into the ground. The phenomenon known as the “duck curve” in which, over-

generating renewable solar energy is gone to waste due to the storage limitations during the 

daylight hours when solar radiation is the most abundant and the “ramp” when peak demand is at 

its highest point from the grid. Figure 1 describes this overgeneration risk over time from 2012 

to 2020 resulting in potential opportunities needed to store this renewable energy when it is 

required the most during peak demand in the late evening hours between 3pm and 9pm [4]. 
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Although the larger issue with overgeneration risk from Figure 1 from the steep increase in 

customer peak demand may require better battery storage technology level off energy surge 

during evening hours, renewable solar energy produced beyond battery capacity during peak 

daylight hours could serve as a viable option to meet a potential industrial user with consistent 

daily energy demand.   

 
Figure 1: Duck Curve – Overgeneration Risk [4] 

 

Therefore, one solution is to utilize the excess energy to offset industrial peak demands based on 

historical data from George Mason University. The development of a system to bridge the gap 

between overgeneration and the high-energy consumption of an industrial user provides an 

opportunity to utilize a source of energy when it is needed during peak demand hours.  

Figure 2 represents the renewable solar energy produced by residential users going to waste as 

result of overgeneration (marked by yellow shade); which may offset the peak demand of 

industrial users with the use of the P2B energy trading system.  

 

 
Figure 2: Excess Renewable Energy – Supply and Demand Relationship 

 

High variability in residential demand coupled with inconsistent reliability within an aging 

electrical infrastructure with advanced in solar PV systems lower the barriers of upfront costs 

appears to shifted residential users towards consideration of P2B energy trading as an option to 

lower the monthly energy bill variability and improve reliability with the greater energy 

independence with the installation of a microgrid system [5]. A microgrid is “a group of 
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interconnected loads and distributed energy resources within clearly defined electrical 

boundaries that acts as single controllable entity with respect to the grid. A microgrid can 

connect and disconnect from the grid to enable it to operate in both grid-connected or island-

mode.” [9]. Microgrids, depending on the type, generally have five functions: Energy 

Management, Protection and Control, Resiliency, Ancillary Services, and Data Management and 

listed in Figure 3 [9].  The paper will focus primarily in the energy management function with 

the model replicate PV load forecast for residential and industrial users. Our research in 

analyzing the behavior of the model should provide a prediction solar generation and use of any 

potential excess solar production. 

 
Figure 3: Microgrid Functions [9] 

 

Stakeholder Analysis 
The project has six primary stakeholders impacted by the installation of a microgrid system. 

Those stakeholders are: residential users, industrial users, Homeowner’s Associations (HOA), 

banks, power grids, and energy companies. The two major stakeholders for the system are 

residential users and industrial users. The residential user’s objective is to have a reliable source 

of energy from producers on the network to power their homes with cheap monthly electricity 

bills to meet power consumption needs. The HOA has tensions with the regulators on energy 

trading between the industrial users, as it is currently restrictive, by law, in Virginia. The utility 

providers through the regulators would have high tensions on an HOA operating as a utility 

substation for a residential community by energy trading with an industrial user.  
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Dominion Virginia Power, another major stakeholder, would likely oppose a P2B system 

because of revenue losses and grid risk. Industrial users seek to have a reliable source of energy 

from producers on a network to meet peak demand. The potential resolution of tensions 

associated to industrial users would be receiving a consistent flow of energy that will not be 

disrupted due to the lack of available excess energy. Resolution of these tensions could be 

resolved through a series of public-private partnerships and power purchase agreements between 

HOAs and the utility providers.  

Figure 4 highlights the relationship between the stakeholders.  

 

 
    Figure 4: Stakeholder Relationship 

 

Problem and Need Statement 
Problem. Residences with solar panels generate electricity during daylight hours when the 

demand for electricity at the typical residence is at its lowest. In locations without net metering, 

the excess energy is not taken in by the utility and is wasted into the ground. 

 

Need. There is a need for a P2B energy trading platform to mitigate peak energy demand, lower 

energy variability, reduce wasted energy, and utilize excess solar PV energy. The system is 

designed for residences with available excess solar energy so they can pool their energy 

generated in daylight hours and trade at their own discretion. 
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Concept of Operations 
The Microgrid Energy Exchange (MEX) is a system that allows HOA users collectively 

negotiate with an industrial user like George Mason University, establishing an power purchase 

agreement (PPA), and resolve cost structures, billing transactions, and resolution of billing 

disputes within the microgrid from generated excess renewable solar energy. The concept 

presumes new construction of smart technology homes with energy efficient appliances and solar 

PV systems installed by the builder or developer of the property. Residents would pay a flat rate 

of $225.00 per month for 25 years, regardless the amount of energy consumed in the home. 

Residents would agree the specific conditions and guidelines of the HOA in the Covenants, 

Conditions, and Restrictions (CCR) conditional on the sale of the property. MEX would make 

suggestions or recommendations for a third party vendor providing microgrid technical solutions. 

Each home will require solar PV components installed for generating and trading power. Major 

components include solar PV panels, arrays, power controller, battery storage systems 

(connected to a clustered of four houses), smart meters to monitor bi-directional energy use, and 

power inverters.  

 

The energy trading platform will be an add-on platform connected via the cloud to the microgrid 

to collect, monitor, and interact with the main microgrid operator of the HOA. Within the energy 

trading platform, the HOA user would access the user platform and search for the available 

energy in the microgrid battery storage system and passively trade with the industrial user based 

on the rate structure in the PPA. Residents would pay the flat rate to the HOA. The platform 

checks for power availability. Once verified, HOA will distribute power to the residents and 

GMU. The energy trading platform would produce e-receipts to the residents and GMU along 

with data and predictive analytics on individual residential use, microgrid operations, and to 

GMU. Figure 6 below demonstrates the user interactions on the trading platform. 

 

 
Figure 6: User Interactions 
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The proposed concept-of-operations with an IDEF0 parent diagram illustrated in Figure 7 

provides a view the overall system setup. Main inputs are determined by the energy consumption 

and energy generation via supply and demand and the model outputs reduction in wasted solar 

energy and prediction on its use. Regulations, constructions, standards, budget, and cost 

efficiency control the MEX, which are determined by our standard of what the microgrid 

design’s appearance and constraints. Furthermore, physical installations are listed by 

mechanisms, which are solar panels, battery storage, PV inverters, cables, and smart meters. All 

of which are fundamentals of functioning a solar panel system, which allocates energy to make 

energy trading feasible. 

 
Figure 7: IDEF0 Parent Diagram of the System 

 

Simulation 
Simulation Objectives. The purpose of the simulation is to record energy production from 

residential solar PV systems, determine if excess solar energy is produced, and identify wasted 

energy. The simulation also investigates [three feasibility] components: the possibility of energy 

trading, the availability of energy trading, and the accessibility of energy trading. Thus, the 

following objectives have been identified. 

 

Simulation Objectives 

SO1: Identify overall residential and industrial demand 

SO2: Identify residential solar generation. 

SO3: Identify when supply and demand are their highest and lowest. 

SO4: Identify average supply and demand. 

SO5: Identify average excess energy and wasted energy. 

SO6: Identify minimum supply to meet demand requirements. 

SO7: Identify residential energy demand hourly, daily, monthly, and yearly. 

SO8: Identify industrial energy demand for specific building hourly, daily, monthly, and yearly. 

SO9: Identify residential solar generation supply hourly, daily, monthly, and yearly. 

SO10: Identify months with the highest solar generation. 



 8 

 

Development and Results. Three major components were used to determine excess solar 

energy: residential demand, industrial demand, and residential solar generation. Figure 8 

demonstrates the relationship, inputs, parameters, and the output; and serves as the basis for the 

probabilistic simulation model. 

 

 
Figure 8: Transfer function. Outputs Total Excess Energy 

 

Residential Energy Generation 

The data used to calculate the energy supply, which includes hourly solar radiation and hourly 

solar generation, were obtained from National Solar Radiation Database. [7] To determine 

simulation for solar generation, an equation is used to calculate solar panel output energy: 

 

𝐸 = 𝐴𝑟𝐻𝑃; [8] 

 

Where E is energy measured in kWh, A is the total solar panel area measured in meters squared, 

r is the solar panel yield (%), H is the annual average solar radiation on tilted panels, and P is the 

performance ratio, which is the coefficient for losses. Performance ratio includes inverter losses, 

temperature losses, DC cable losses, AC cable losses, shadings, losses due to radiation, losses 

due to dust or snow, and other miscellaneous losses. The simulation findings identified solar 

generation averages 36.08 kWh, marked by the highest solar generation of 54.01 kWh in June 

and lowest generation of 17.02 kWh in December. Daylight hours vary depending on the time of 

year; therefore, the optimal tilt angle and average temperature varies for each month as well. 

 

Residential Energy Demand  

Residential energy demand is determined by observing daily usage. Residential daily use are 

marked by various appliances residents used, the probability of appliance usage, and the time 

when appliances are used most (Table 1). 
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Table 1: Sample Appliances and Wattage 

Appliances Hourly Consumption (W) 

100W light bulb 102 

Ceiling fan 50 

Dryer 2500 

Dishwasher 1350 

Blender 350 

Refrigerator 275 

Hair dryer 2150 

HVAC 3500 

Printer 25 

Iron 1000 

Internet router 10 

Laptop computer 75 

Microwave 1150 

Oven 2150 

Washing machine 500 

Vacuum Cleaner 450 

Toaster 1300 

 

By factoring in the inputs for the residential demand, the findings indicate residential daily 

demand averages 36.58 kWh.  

 

Industrial Energy Demand 

Lastly, industrial demand is obtained by observing a specific building from George Mason 

University (GMU) historical data obtained from the university’s energy management team was 

used to determine GMU engineering building’s energy usage. The industrial daily demand 

averages 7422.95 kWh. 

 

Simulation Results 

Concluding the development of the simulation, the relationships between the three elements were 

observed, as illustrated by Figure 9. 

 
Figure 9: Residential vs. Industrial User Relationship with Demand and Supply 
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By using MS Excel Visual Basic Application, and replicating the simulation 100 times, it has 

been discovered that at least 225 homes are necessary to mitigate industrial demands. This 

simulation also discovered excess energy of about 3621.66 kW with 471.66 kW of energy going 

to waste. Wasted energy is calculated by first determining the battery size of the house. 

Currently, Tesla’s battery system called the Powerwall, which can store up to 13.5 kWh, markets 

the best house battery storage. If the battery reaches its capacity, the energy goes to waste or 

underground. Multiplying the number of homes and subtracting the product with overall excess 

energy determine this. Figure 10 is a snapshot of the simulation model and results. 

 

 
Figure 10: MEX Simulation Screenshot 

 

Microgrid Design 
 

System Design. The MEX system design consists of a residential subdivision where a bundle of 

four single-family houses share a single solar PV system battery storage and separate solar panel 

arrays, inverters, and associated connective equipment for each house. The intent is to lower cost 

and maximize efficiency with shared energy storage on the backbone of an advanced metering 

infrastructure (AMI) throughout the housing subdivision and microgrid. AMI is critical to the 

success of all microgrid functions and the efficiency of power management within the system. 

The communication and data storage options for MEX users will be accomplished via 

commercial cloud solutions. Figure 11 is a small-scale depiction of the MEX system design 

[13]. The services component, as previously cited in the paper, will be a commercial off-the-

shelf solution, depending on the needs of the primary customer [13].  

 

 
       Figure 11. MEX System Overall Design [10] 

 

Number of homes 225 Number of reps 100

Average Stand. Dev. Average Stand. Dev. Average Stand. Dev

10557.35 125.86 8095.45 25.21 3602.32 69.10

Residential Demand Residential Generation Excess
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Figure 12: MEX System Design Option 

 

Figure 12 illustrates our proposed project design. The upper left portion is a depiction of a 

housing subdivision shared a battery storage system in a cluster of four homes relying on smart 

meter technology for consumption and to lower environmental risk and impact connected to a 

series of mini-grid battery storage systems to the main microgrid battery system. The capacity is 

an estimate based on GMU historical data and model simulation data for residential users. We 

would rely on cloud computing and data storage where our energy trading platform would be 

hosted by AWS and power highlighted in red would be distributed to the industrial user with a 

generator system. 

 

 

Utility Analysis. 
The utility analysis considered the following attributes when examining the potential benefits of 

a P2B energy trading microgrid system for solar PV residential users: (1) Pay Less in kWh (0.5), 

(2) Avoid Increasing Energy Costs (0.1), (3) Revenue from Solar PV Production (0.5), (4) 

Reduce Losses in Dollars per kWh (0.5), Energy Independence (0.1), and Reduce Seasonal 

Variability (0.3) cited in Figure 13. When comparing the option of ‘Do Nothing’ to the 

implementation of the MEX system when 100 residents exercise status quo of paying their 

monthly energy bills at a historical annual increase of 3.2% resulted on zero utility and no cost 

savings. If the microgrid energy trading system is installed and used by the same 100 residents, 

the overall savings over a 25-year period is estimated $9.3M with a 0.8 utility.  

 

The business case analysis provides access to the energy trading platform for a monthly rate of 

$5,000 and 2 cent per kWh per trade between residential subdivisions and an industrial user.  

With an initial investment of $30,000 and annual operating costs estimated at $80,000, MEX 

breaks even in the first year with five and ten-year profit projections of $720,000 and $1,500,000 



 12 

respectively, and a return of investment of 64.56% in Figure 12.  The breakdowns of initial costs 

are computer programmer contract for $50.00 per hour for 120 days (5 day work week) for 

developing the graphical user interface and platform to host on Amazon Web Services estimated 

at $500 per month. The remaining costs are part-time staff, office space, and 

marketing/advertising.  

 

 
Figure 13: P2B Energy Trading Utility Function 

 
 

 MEX Business Plan  
MEX plans to generate profit from a monthly access fee from HOAs to the energy trading 

platform graphical user interface and per kWh transactional charges for each trade. HOA users 

will have the option of trade transactions based on available stored renewable solar energy in 

their battery energy system. The Advanced Metering Infrastructure and the Energy Management 

System will provide real-data analysis on their energy consumption and amount of energy users 

are willing to exchange with an industrial user.  

 

The sales projections are based on solar projections forecasts from GTM Research for the 

Commonwealth of Virginia with a labor forecast in solar installation of 50,000 jobs [12]. 

Currently, MEX has no direct competitors, and the system is positioned ahead of the market 

demand for this unique, renewable energy solution. The MEX system provides potential business 

market applications for any large residential subdivisions greater than 200 or more houses 

adjacent to any hospital, university, high school campus, data center, or small shopping center 

with the ability to utilize power purchase agreements (PPA) to trade renewable solar energy. We 

expect an average market growth rate of 10% based on market research and to reach our 

potential HOA and homebuilder customers through a series of annual conferences and 

conventions. At this time, we have no direct competitors and we provide microgrid components 

and access to an energy trading platform with a menu of buying options to generate revenue on 

each residential energy trade.  
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The customer value chain, in Figure 12, describes who, from survey market research, are our 

customers. Based on this research, the results reveal that individuals interested in the MEX 

system, based on geographical location, would tend to reside in high cost of living areas, high 

income earners, over the age of 50, are environmentally conscious, and have higher education or 

advanced degrees [11].   

 

 
Figure 12: Customer Value Chain 

 

 

 
Figure 13: MEX Business Case Projections 

 

 

 

Business Case for Residential Solar Energy Generators 

Homeowners Associations (HOA) is a primary stakeholder for the microgrid exchange system 

for residential single-family households in the state of Virginia. The trend of HOAs continues to 

grow, as the number of HOAs in Virginia is 8,600, representing 1.7M residents, ranking 12
th

 in 

the nation [5]. The results of the business case analysis and the policy analysis of the legislative 

environment within Virginia for expansion of renewable solar energy indicates this microgrid 

system may be ahead of the market with greater potential in other states in the US with more 

favorable conditions such as state tax incentives, net metering, peer-to-business energy trading, 

property tax exemptions, tax credits, and solar power rebates [6].  
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HOAs would charge a flat rate of $225.00 per month from residents and collect 3 cents per kWh, 

per trade for all excess energy exchanged between the subdivision and the industrial user. HOA 

pays an monthly access fee of $5,000 per month and allows a 2 cent per kWh per trade for MEX 

along with an estimated $8,000 per month for operating the microgrid from a third party vendor. 

The estimated start-up cost for a housing subdivision of 250 houses is $6,300,000 with an annual 

operating cost of $160,000, breaking even within Year 5 at an $8,000,000 profit and a ten-year 

profit projection of $39,500,000 with a return of investment of 27.9%. The profit projections 

over a 25-year period are illustrated in Figure 12 below.        

 

 
Figure 12: HOA Business Case Projections 

 

Conclusion. The results from the model indicated that solar energy trading is feasible between 

residential and industrial users. The modeling suggests that the number of houses to exchange 

energy is dependent on energy consumption level of both the industrial and residential user and 

on the simulation results of 250 houses and the GMU Engineering Building. The best months to 

for energy trading is July and the worst month is December when the ceiling heights are at their 

lowest and the hours of the day at their shortest.  

 

The impetuses of this simulation model were to determine energy trading feasibility and develop 

a design for residential users to trade energy with industrial users. The microgrid system holds 

potential use for bridging the gap for utilizing wasted solar energy by MEX operating as a 

conduit between producers and consumers in the distribution of available renewable solar 

energy. The system solution holds great promise for residential solar PV systems to trade with an 

industrial user under the right market conditions and customer base as an option to lower overall 

costs and provide greater stability and energy independence. As energy demand continues to rise 

with 70 percent of the world’s Internet traffic passing through northern Virginia, residential and 

industrial users will pay higher prices for energy capacity and expansion from utility providers. 

According to an online article in DataCenterKnowledge.com discussing the growth of data 

centers outgrowing the pace of renewable energy resources, the author recalls in an exchange 

with Greenpeace senior corporate campaigner, Gary Cook, that: 
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“The greatest impact is achieved when renewable energy is consumed on the same grid it is 

generated on, and both Amazon and Microsoft have succeeded in helping to bring more 

renewable generation capacity online in Virginia, where their cloud data centers can use it. 

Amazon has signed Power Purchase Agreements for wind and solar in the state, and Microsoft 

has struck a deal where it will help finance a 20MW solar project in return for RECs it will 

generate” [15].  

  

This quote echoes the sentiments of many companies and communities seeking solutions through 

public-private partnerships to bridge the gap between unsustainable energy demand and the 

utilization of available and abundant renewable solutions thus avoiding potential wasted solar 

energy that would otherwise go unused into the ground.  
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