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ABSTRACT –Renewable Energy 

Resources(RER)are becoming a greater fraction of 

the energy supply, and efficiently delivering this 

energy to variable loads presents a variety of 

problems. This paper models a small-scale 

microgrid consisting of residential and office 

building with energy supplied from solar panels, 

battery and hot water tank, and grid as a backup. 

The load profiles representing one year of building 

electrical and hotwater energy demand are 

developed from historical meter data. Electrical 

demand is supported by battery storage, and 

hotwater demand is supplied from a central storage 

tank. A dispatching control algorithm is designed 

to transfer available renewable power directly to 

the loads or storage systems, while confirming 

constraints on power flows and stored energy. For 

a fixed annual load profile, the proposal goal is to 

size system elements to minimize cost while 

maintaining high renewable energy penetration 

and low renewable curtailment. Renewable energy 

from a PV array is dispatched to the load or is 

stored for later use, and the microgrid performance 

is measured by the renewable energy penetration, 

renewable curtailment, and system cost over time. 

Modeling results indicate that replacing some 

electrical storage capacity with thermal storage for 

demand hotwater has the potential to decrease cost 

and increasing renewable. penetration and 

decrease renewable curtailment. 

Keywords: Microgrid, hot water tank, battery 

storage, photovoltaics, Mixed-use, renewable 

energy penetration, curtailment 

1. INTRODUCTION 

Electric power, historically is produced at a few 

central power stations and is transmitted long 

distances to end users. In recent years, this model 

is being replaced by decentralized or distributed 

electric power generation, in which power 

production and use are co-located [1]. Due to the 

decreasing costs of wind and solar energy, 

decentralized power often involves these 

technologies [1]. Because wind and solar sources 

are irregular, one of the main challenges to 

expanding distributed electricity generation is 

matching such variations to loads [2]. This leads to 

a large need for storage technology and demand 

response strategies [3]. 

The problem of integrating renewable energy into 

building design is relevant to this situation, 

because buildings consume over 40% of end-use 

energy worldwide [4]. There is movement in urban 

areas, for example, towards mixed-use buildings 

that combine office space and residential space [5]. 

Such facilities can reduce traffic congestion in 

dense areas by allowing workers to live closer to 

jobs, and they also have energyrelated benefits 

because residential electrical loads peak in the 

evening and early morning, whereas business 

loads generally peak in the daytime. A building 

design that includes both types of space will have 

a smoother load profile shape that is easier to 

integrate with a renewable energy supply. 

To explore these advantages, this work models a 

mixeduse building whose energy needs are met 

with a dedicated (RER) microgrid. The building 

hot-water demand is met with a central hot-water 

tank, forming a thermal load. The microgrid 

supply elements consists of wind turbines, solar 

PV, battery storage, and grid backup. A dispatch 

algorithm is designed to transfer energy between 

these elements and building loads while managing 

battery level and hot water tank temperature. The 

microgrid performance is measured with an annual 

system cost, renewable penetration (the percentage 

of the load satisfied with RER power), and 

renewable curtailment (wasted RER energy). After 

developing a detailed system model, performance 

is optimized over the size of the renewable 
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components and dispatching parameters. 

2. BACKGROUND 

Distributed power systems involve engineering 

problems and areas of research distinct from 

centralized power generation. The problem of 

matching the electrical characteristics of 

renewable sources to the grid are significant, such 

as frequency control, AC/DC conversion, etc. [6]. 

Peaks in the intermittent renewable power may not 

occur at the same time as load peaks, encouraging 

utilities to design ways of controlling the load with 

real-time pricing schemes or special deals with 

large business users [7]. Furthermore, there is 

research on controlling renewable elements 

themselves, such as optimal power point tracking 

to maximize energy transfers from wind turbines 

or PV arrays [8]. Renewable energy can be 

integrated with the full grid, or local microgrids 

can be designed to meet the needs of a single large 

building or campus [9] [10]. 

The problem of sizing microgrid components that 

include solar/wind systems with battery storage is 

often explored as a multi-objective optimization. 

For example, a grid-isolated system was optimized 

with the genetic algorithm (GA) to minimize 

annual system cost and the probability of power 

loss [11]. Researchers have also considered the use 

of forecasting to design better control algorithms 

for isolated microgrid operations [12] [13]. Many 

demand-response schemes have been studied, such 

as using hot-water thermal storage to create a 

thermal load [5]. 

 

Figure 1: Microgrid block diagram. 

 

3. MICROGRID MODEL 

The specific micro-grid arrangement examined 

in this work is illustrated in Figure 1, with key 

components shown. All the arrows in this figure 

indicate energy transfers, on an hourly basis. 

Typical weather year data and models predict 

hourly power from the RER elements (wind and 

solar). A simple battery storage model is used 

which adjusts the current storage level each hour 

according to the net transfers in and out of the 

battery. A connection to the electrical grid provides 

backup power as necessary, when the RER and 

battery cannot meet the load. On the load side, the 

hot water tank and hot water load together form a 

thermal load. The tank needs to be maintained 

between 60 and 90 C0 in order to keep a constant 

60 C0 at the consumer’s taps. The electrical load is 

modeled from historical residential meter data and 

models for office building energy demand [8] [14]. 

Figure 1 can be simulated with office or residential 

demands alone, or any mix of the two, and it can 

be examined with or without the hot water tank. 

Power from the RER that cannot be stored or used 

by any load is curtailed (wasted potential). 

The dispatch control makes decisions about when 

to use battery power, when to use grid power, and 

when to send energy to the hot water tank (HW). 

These decisions can be based on the current RER 

output, battery charge level, tank temperature, and 

possibly forecasts of RER supply and building 

demand. 

To understand the benefit of load mixing, Figure 2 

shows the average daily load profile shape for the 

office and residential loads, along with the shape 

when the loads are evenly mixed. The mixed load 

appears slightly flatter throughout the day, on 

average. Computing the monthly load factors (LF) 

for the three loads supports this observation. LF is 

defined as the ratio of the average per-month 

consumption to the peak hourly consumption for 

that month. A flat, consistent electrical load will 

have higher LF values. Figure 3 shows the 

monthly LF values for the residential, office and 

evenly mixed loads. The mixed LF is between the 

office and residential values, except for 8 months 

(January, March,April May, 

June,August,September and October) where the 

mixed LF is the largest. Including an office in the 

building serves to raise the LF relative to 

residential space alone, which is desirable because 

microgrid size and operating costs decrease for a 

higher LF. 
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Figure 2: Average daily profiles for three loads. 

 

Figure 3: LF for residential, Office Spaces and 

combined loads. 

and when to send energy to the HW tank. These 

decisions are based on the current RER output, 

battery charge level, tank temperature. The 

dispatching algorithm splits the total RER supply 

into four components: P (t) = 

P1(t)+P2(t)+P3(t)+P4(t). The algorithm prioritizes 

sending as much energy as possible directly to the 

load inP1(t), and directs remaining energy to the 

battery P2(t) and thermal storage P3(t). Curtailed 

energy is represented by P4(t). The level of stored 

battery energy each hour is represented by PB(t), 

which is updated each hour according to the 

following equation. 

PB(t + 1) = PB(t) + ηcP2(t) - PB1(t) (1) 

The quantity PB1(t) is the power transferred from 

the battery to load and ηc is charging efficiency. 

The battery is constrained such that 0.2Bmax ≤ 

BCAP(t) ≤ Bmax and it cannot simultaneously be 

charged and discharged. In addition, the rate of 

energy transfer to or from the battery is 

constrained according to the following equation. 

| PB(t + 1) - PB(t) | ≤ 0.1Bmax (2) 

A similar model is used for the thermal storage 

tank, with stored energy TCAP(t), charging 

efficiency ηTc, and maximum storage capacity 

Tmax (kWh). 

PT(t + 1) = PT(t) + ηTc[P3(t) + PG2(t)] - P5(t)  (3) 
4. COST MODEL 

0.1Tmax ≤ TCAP (t) ≤ Tmax (4) 
Parameters for the model include: number of 

wind turbines, PV area, battery and tank capacities, 
|P (t + 1) - P (t)| ≤ 0.1T 

T T max 
(5) 

and the percentages of residential and office space 

loads used to make up the building load. Total 

annual cost is computed as the sum of an amortized 

capital cost and operating cost, which are both 

functions of the parameters Ns, Nw, BCAP , and 

TCAP . The capital cost is formed using $1.8 per 

peak watt of PV power, $22,000 per installed wind 

turbine (about $2 per peak watt), $300 for each 

kWh of battery capacity, and $72 for each kWh of 

tank capacity [5] [8]. Standard amortization is 

applied with a lifetime of 20 years and an interest 

rate of 6% [5]. Operating costs arise from the total 

yearly grid power , which is purchased at a flat rate 

of $0.09 per kWh. 

5. DISPATCHING ALGORITHM 

The dispatch control makes decisions about 

when to use battery power, when to use grid power, 

The transfers from the tank to load are P5(t), which 

are taken to be the same as the load LH(t). If 

renewable energy is insufficient to keep the tank 

minimally charged, the tank can accept backup 

energy transfers PG2(t) from the grid. The tank 

needs to be maintained between 60 C0 and 90 C0 

to keep a constant 60 C0 at the consumer’s taps. 

For a given Tmax, this constraint leads to a tank 

water mass m through the equation 

0.9Tmax = mCp(30C0) (6) 

where Cp is heat capacity for water. Unlike the 

battery, the tank can be charged and discharged 

simultaneously. The electrical load must be met at 

each hour, such that 

LE(t) = P1(t) + PB1(t) + PG1(t) (7) 

where PG1(t) is backup grid energy transfers. A 
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heuristic dispatch algorithm, determines all the 

power flows between the elements in Figure 1. At 

each hour t, the algorithm uses the RER output, 

battery charge level, tank storage level, and loads 

at that time to determine power dispatching. As 

much RER energy as possible is transmitted 

directly to the electrical load, with remaining 

energy transferred to the battery first and then the 

hot-water tank if any remains. The grid is used at 

times of low RER output and low battery charge 

state to satisfy the electrical load, and to ensure the 

tank storage level is kept above its minimum. 

System performance over a period of time is 

described by the fraction of total RER energy that 

is unused (curtailment), and the fraction of the total 

load met with RER penetration. 

Curtailment =  (8) 

 

Penetration=  (9) 

It is desirable to maximize penetration while 

minimizing curtailment. These performance 

measures can be viewed as a function of the load 

and supply profiles (their shape and magnitude), 

the capacities for the two storage systems, and the 

dispatching algorithm. Increasing the RER output 

relative to the load improves penetration but raises 

curtailment. 

6. OPTIMIZATION 

Matlab© is used to simulate the power 

dispatching and the total system cost. System 

performance is measured in three ways: cost, the 

percentage of total RER energy that is unused 

(curtailment), and the percentage of the total load 

met with RER (penetration). These metrics can be 

optimized in several ways over the model 

parameters Ns, Nw, BCAP , and TCAB. In this work, 

cost is minimized with a lower bound on the 

penetration. The optimization can be performed 

with or without the hot-water tank included in the 

system, to examine the performance benefit for 

using a thermal load. Various optimization 

algorithms available in Matlab© are applied to this 

problem, to verify that each lead to a similar 

solution. 

7. SIMULATION RESULTS 

Figure 4 show that the dispatch algorithm ensures 

that the loads are met at each hour with a 

combination of RER energy, stored battery and 

thermal energy, and backup grid energy. After 

running the simulated microgrid for a full year, an 

average over the days is made. Figure 5 illustrates 

average daily profiles of energy transfers on the 

electrical side of the microgrid, clearly showing 

the effect of solar activity. The RER produces 

energy in the afternoons to support the load and 

charge the batteries, which then drain in the 

evening. Grid energy use peaks late in the day and 

in the morning, when storage levels are low. 
 

Figure 4: The average daily of electrical load 

and energy dispatching. 

 

Figure 5: average daily profiles of electrical 

energy dispatching. 

Optimization results to minimize cost at different 

levels of renewable penetration are shown in 

Figure 6. As before, results are shown for 

residential and office space individually, and for an 

even mix of the two. For each of these loads, cost 

is minimized at a relatively low penetration of 

about 20% for residential and office space loads 

and 40% for mixed load. This figure illustrates the 

cost benefit of combining the loads for higher 

levels of penetration. For example, at 60% 
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penetration, the combined load power cost is about 
$0.27/kWh , and the cost for the residential power 

Table 2: Optimization results comparing two 
 systems  

along is about $0.34/kWh. 

The advantage of mixing the loads is demonstrated 

by the optimization results in Table I at 60% 

penetration, which considers a battery only storage 

system (no thermal tank). The system size is 

optimized for three cases: residential load alone, 

Storage 

Type 
Ns 

BCAP 

Nw 
KWh 

TCAB 

KWh 

Curtailment 

% 

Cost 

$/KWh 

office space load alone, and the combined (sum) 

load. The lowest cost per kWh occurs with the 

mixed load at 40% and this produces the lowest 

curtailment at 36%. 

Table II illustrates optimization results for two 

cases: battery only, and battery with storage tank. 

For both cases, the building load is split evenly 

between office space and residential space, and 

penetration at 60%. Energy cost with battery only 

is $0.21/kWh, but this decreases to $0.19/kWh with 

the addition of a storage tank. The tank also serves 

to decrease curtailment, from 34% to 28%. 

 

Table 1: Optimization results for separate and 

8. CONCLUSION 

Simulation results indicate the benefit of mixing 

residential with office space loads, due to the 

improved LF, which drives down overall energy 

costs. Renewable energy microgrid designs for 

building applications involve determining the mix 

of building loads to improve energy delivery. 

The addition of a thermal storage tank to the 

microgrid allows for greater total energy storage at 

reduced cost, since the tank has much less cost 

than the battery. Unlike the battery, the tank can be 

charged and discharged simultaneously and it has 

a greater lifetime than the battery. These factors 

serve to reduce the total cost per kWh provided by 
mixed the microgrid, while reducing curtailment. 

Load Type Ns 
BCAP 

w 
(KWh) 

Curtailment 

(%) 

Cost 

($/KWh) 
The results presented here are based on historical 

meter data to represent loads. The implementation 
Residential 188 2 160 38 0.34 

Office Space 128 1 145 36 0.27 

is constructed in a modular fashion to easily 

incorporate changes, including: more detailed 

 physics for electrical and thermal storage, and 

Mixed 234 2 228 34 0.21 

 

 

 

 

Figure 6: Average cost per kWh versus RER 

penetration. 

dispatch algorithms that can incorporate load and 

RER output forecasting. Future work will explore 

these modifications, along with dispatching 

algorithms that can utilize weather and load 

forecasts. 
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