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a  b  s  t  r  a  c  t

Residential  buildings  are  currently  equipped  with  energy  production  facilities,  e.g.,  solar rooftops  and
batteries,  which  in conjunction  with  smart  meters,  can  function  as  smart  energy  hubs  coordinating  the
loads  and  the  resources  in  an  optimal  manner.  This  paper presents  a mathematical  model  for  the  optimal
energy  management  of a residential  building  and  proposes  a centralized  energy  management  system
(CEMS)  framework  for  off-grid  operation.  The  model  of each  component  of  the  hub  is  integrated  within
the  CEMS.  The  optimal  decisions  are  determined  in  real-time  by  considering  these  models  with  realistic
parameter  settings  and  customer  preferences.  Model  predictive  control  (MPC)  is  used  to  adapt  the  optimal
decisions  on  a receding  horizon  to  account  for  the  deviations  in  the  system  inputs.  Simulation  results
emand response
ptimization
nergy hub
esidential building
nergy storage system
nergy management system

are  presented  to demonstrate  the  feasibility  and  effectiveness  of  the proposed  CEMS  framework.  Results
show  that  the  proposed  CEMS  can  reduce  the  energy  cost  and  energy  consumption  of the  customers  by
approximately  17% and  8%,  respectively,  over  a  day.  Using  the  proposed  CEMS,  the  total  charging  cycles
of the  ESS  were  reduced  by more  than  50%  in a day.

Published  by Elsevier  B.V.
athematical modeling

. Introduction

The U.S. Department of Energy Microgrid Exchange Group
efines microgrid as a group of interconnected loads and dis-
ributed energy resources (DERs) within clearly identified electrical
oundaries that act as a single controllable entity with respect to
he grid. A microgrid can connect and disconnect from the grid
nd operate in both grid-connected or island-modes, respectively.
hile grid-connected microgrids have the advantage that the grid

cts as a supply reservoir to balance the demand when needed,
uch a facility is not available for an isolated microgrid. The isolated
icrogrids are constrained by the generation capacity available
ithin the microgrid only, and are expected to rely on various

ontrollable and intermittent resources to match and balance the
emand supply gap. Therefore, energy management in isolated
icrogrids is a much more challenging problem [1]. A residential
uilding with typical loads, and DERs such as distributed generators
DGs), storage devices, controllable loads, etc., can be considered

∗ Corresponding author.

ttp://dx.doi.org/10.1016/j.enbuild.2016.08.009
378-7788/Published by Elsevier B.V.
a microgrid that can be operated in a controlled and coordinated
manner either connected to the grid or in an islanded mode.

Significant efforts are being made by researchers to develop
intelligent control algorithms integrated with information tech-
nology to manage energy consumption and thereby regulate load
growth. Demand response (DR) programs are being implemented
by utilities and Local Distribution Companies (LDCs) to alter the
load shape in response to price signals or operator requests during
critical conditions. DR is defined by the Federal Energy Regula-
tory Commission (FERC) in [2] as: “Changes in electricity use by
demand-side resources from their normal consumption patterns
in response to changes in the price of electricity, or to incentive
payments designed to induce lower electricity use at time of high
wholesale market price or when system reliability is jeopardized.”
These programs help the LDC to maintain a fairly uniform load level,
thereby reducing its need for new supply resources or feeders.

Although DR has taken center-stage in the context of smart
grids, demand-side management (DSM) programs have been in

existence and practice for several decades now [3]. For exam-
ple, the authors in [4] state that one way  to reduce costs is to
use direct utility-consumer communications to implement a “load
follow supply” concept. In such a system, the customer’s demand

dx.doi.org/10.1016/j.enbuild.2016.08.009
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2016.08.009&domain=pdf
dx.doi.org/10.1016/j.enbuild.2016.08.009
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Nomenclature

Indices
k time sample (every 15 min), k =1,2,. . .,96

Parameters
�chg, �dchg charging and discharging efficiency, respectively

[p.u.]
�MPPT efficiency of PV’s DC/DC converter
� time interval [h]
ϕ self discharge rate [p.u.]
C equivalent heat capacity [J/◦C]
C1, C2 cost of the ESS related to discharging power [$/W]

and charging cycles [$/CYC], respectively
E rated energy capacity of ESS [kWh]
G irradiation on the device surface, G = 1000 W/m2

Lm, Lh energy loss associated with medium and high charg-
ing/discharging rate [p.u.]

Pchg, Pdchg maximum power drawn and supplied by the ESS,
respectively [W]

PDem base load profile of a building [W]
Pgen, Pgen minimum and maximum power output of diesel

generator, respectively [W]
Pgrid maximum power that can be purchase from the grid

[W]
Phvac rated power of HVAC unit [W]
Ppv, Prated

pv output power and rated power of solar PV, respec-
tively [W]

Q, R equivalent heat rate [W]  and thermal resistance
[◦C/W], respectively

Rl, Rm, Rh charging/discharging of the ESS at low, medium,
and high rate, respectively [W]

RUP, RDN ramp-up and ramp-down limit of diesel generator,
respectively [W]

SOC, SOC initial and final state of charge of the ESS, respec-
tively [p.u.]

Tout outside temperature [Celsius]
T , T upper and lower bounds of temperature [Celsius]

Variables
Cess, Cgen operating cost of ESS and diesel generator, respec-

tively [$]
Cl, Cm, Ch binary variable to check charging level status of

ESS: low/medium/high, respectively
CYC total number of charging cycles [p.u.]
Dl, Dm, Dh binary variable to check discharging level status

of ESS: low/medium/high, respectively
Ebat energy of the ESS [Wh]
J objective function value [$]
Pchg, Pdchg power drawn and supplied by the ESS, respectively

[W]
Pgrid power purchased from grid [W]
Pgen output power of a diesel generator [W]
Sk, Sht status [ON/OFF] of diesel generator and HVAC unit,

respectively
SOC state of charge of the ESS [p.u.]
T inside temperature of the building [Celsius]
u binary variable to check when new charging cycle

starts
u1, u2 binary variable associated with charging and dis-

w
D

charging of ESS, respectively
ould be controlled through interruption of power for specific uses.
SM programs encourage customers to be more energy efficient
ildings 130 (2016) 55–63

which can be achieved by shifting the demand from peak hours
to mid-peak or off-peak hours; reducing energy consumption; and
consuming locally produced energy [5–7].

It has been shown in [8] that up to 30% energy savings can be
brought about in a residential building by optimizing the oper-
ation and management of the building’s energy system without
changing the building structure or hardware configuration of its
energy supply system. There is a potential for improving the build-
ing’s energy efficiency by optimal operation of the various energy
sources and controllable loads. Rooftop solar photo-voltaic (PV)
generation, energy storage system (ESS), DG and controllable loads
can be considered as a part of a residential building in a smart grid.
However, in order to achieve the desired objective, all microgrid
assets, local generation resources, storage devices and controllable
loads, need be integrated into a proper control and management
system.

The optimal energy management problem in microgrids has
been extensively investigated in the literature [8–13]. To solve
a dispatch problem for microgrids, meta-heuristic and heuristic
techniques, such as genetic algorithms, evolutionary algorithms,
particle swarm optimization, and Tabu search have been proposed
by researchers [14]. In [10], a coordinated control approach for
microgrid energy management was  proposed that comprised a
scheduling and a dispatch layer. The optimal integrated scheduling
and control of building energy supply resources was considered in
[8] with the objective to minimize the overall cost of electricity and
natural gas consumption and significant energy cost savings were
obtained.

In [11], a model for optimal operation of a microgrid is proposed;
the problem is decomposed into a grid-connected operation mas-
ter problem and an islanded operation subproblem. The scheduling
decisions are revised based on islanding cuts that ensured suf-
ficient generation was  available to guarantee a feasible island,
which were further revised to dispatch the generating units, ESS
and controllable loads. In [15], a generalized formulation smart
energy management of a microgrid was proposed with a multi-
objective function that sought to minimize the operating cost and
the environmental impacts taking into account the uncertainty of
the exogenous variables and forecasted inputs.

A probabilistic approach was proposed in [12] to analyze a
microgrid’s operational performance considering uncertainties in
solar PV, ESS and conventional generators. A microgrid operations
model was  proposed in [13] where load curtailment was minimized
by efficiently scheduling the available resources when power from
the main grid was interrupted for an extended period of time. All the
above studies discussed, are from the perspective of the grid, while
behavior of an individual customer has not been considered. In the
context of smart grids where customers are equipped with local
energy production resources and controllable loads, it is important
to study their load behavior as it may  affect the operating decisions
of a microgrid/grid. Thus, in this paper, the proposed centralized
energy management system (CEMS) focuses on determining the
load profile of a building which can help utilities/microgrids oper-
ate in a reliable, safe, and cost effective manner.

Lot of work has been reported on energy management in build-
ings, cost optimal strategies, and energy consumption forecast
[16–23]. In [23], the thermal behavior of a building equipped with
energy production and storage facility is modeled. Two strategies
are considered i.e., managing solar PV and wind; and managing
solar PV, wind and ESS; results show that by shifting the loads from
peak hours to off-peak hours can bring about a reduction in energy
costs. However, uncertainty due to weather and energy demand is

not considered in this work. In [24], a control algorithm is proposed
that uses hot water storage tanks to simultaneously dispatch the
heating and electrical devices. In another work on energy manage-
ment [25], a predictive controller is implemented with centralized
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upervisory control and data acquisition (SCADA) to optimize the
omfort of users while energy waste is minimized. In [26], vari-
us DR strategies are tested on HVAC schedules to reduce the peak
ower consumption and obtain a flexible load shape. In [27], energy
anagement is carried out with storage systems and solar PV, with

he objective of reducing the peak demand and maximizing the
se of solar PV generation. In [28], an energy management strat-
gy is proposed for a commercial buildings using solar PV and ESS
o reduce the energy cost and CO2 emissions. In [29], an energy

anagement system for a home is proposed that includes opti-
al  scheduling of electric vehicle charging and home appliances to

educe the energy cost.
The model predictive control (MPC) technique, an advanced

ontrol technique, has found recent applications because of its var-
ous advantages. It determines the future behavior of the system
onsidering uncertainties in demand forecast, weather forecast,
nd renewable energy generation forecast [30]. Lot of work can be
ound in the literature where MPC  is applied to dispatch problems
n power systems [14,31–38]. In [32], a smart distribution power
ow framework was proposed to determine the smart charging
chedules of plug-in electric vehicles using MPC. A modeling frame-
ork for analyzing the impact and scheduling of price-responsive

nd controllable loads in a three-phase distribution system was
resented in [33] using MPC. In [34], MPC  was used for a dynamic
ispatch problem; the convergence and robustness of the MPC  algo-
ithm was also demonstrated. In [34], the centralized supervisory
PC  controller was replaced with two distributed supervisory MPC

ontrollers, each responsible for providing the optimal reference
rajectories to the local controller of the corresponding subsystem.

From the aforementioned discussions, it is clear that there is a
eed to manage energy for the end user that will not only help cus-
omers reduce their energy costs but also help the electrical grid
y improving energy efficiency and alleviate the cost of recurring
ystem upgrades. This will also help the electrical grid to operate
n a secure, resilient, and reliable manner. These energy manage-

ent systems can help customers participate in DR programs while
heir comfort is not compromised. Thus, the objective of this paper
s to develop an optimization framework for a CEMS of a residen-
ial building, operating as an isolated microgrid, that can optimally
ispatch the generation sources in real time to satisfy the demand.
he MPC  technique is used to monitor the evolution of the system
ver a finite time horizon while implementing the solution from
he current time step only. System conditions and parameters are
pdated at each time step using feedback mechanisms to inform
he optimization model for the next step. The main contributions
f this paper are as follows:

The development of a CEMS mathematical model that is a com-
prehensive representation of a building’s energy management
system in the context of smart grids.
The presentation of detailed operational models of various com-
ponents such as DG, HVAC, solar PV and battery storage system to
accurately capture their characteristics and physical constraints.
The integration of the controllable loads, such as HVAC, into the
decision-making process of the CEMS over the operating horizon.
The consideration of the interactions with the grid that can be
controlled by an LDC, or a microgrid operator, to alter the cus-
tomers’ load profiles in real-time.
The consideration of uncertainties associated with weather and
demand forecast; for example, every 15 min  inputs are checked
so that dispatch values are meaningful in real-time.
The remainder of the paper is organized as follows: in Section
2) the detailed models of various components in a residential
uilding are presented. The modeling approach and the overall
ramework for residential buildings are discussed in Section (3) and
ldings 130 (2016) 55–63 57

the optimization problem is presented in Section (4). Section (5)
discusses results of various case studies carried out to demonstrate
the effectiveness of the proposed framework. Finally, the main
findings are summarized and the concluding remarks are outlined
in Section (6).

2. EMS  models of a residential building

2.1. Loads

Loads can typically be classified as fixed loads that should always
be met, and controllable loads that may be curtailed or shifted to
another time. In this paper, both fixed and controllable loads are
considered. A 24-h load profile is used to represent the building’s
power demand. In order to estimate the thermal load of the build-
ing, an approximation of its internal load is required. Internal loads
of the building comprise those from the electric cooking range,
external lighting, internal lighting, refrigerator and miscellaneous
loads. The method proposed in [39] is used here to calculate the
base load profile of the building.

An equivalent thermal model of an HVAC unit, suited to resi-
dential buildings, proposed in [40], is used. When the HVAC unit is
turned ON/OFF, the dynamic behavior of the inside temperature of
the residential building can be expressed as follows [40]:

T(k)=Tout(k)−(Tout(k) − T(k − 1))e−(�/RC) + Sht(k)QR(1 + e−(�/RC)),

(1)

T(k) ≤ T(k) ≤ T(k), ∀k ∈ [1,  m], m ∈ N, (2)

where parameters R, C, and Q are obtained from curve fitting,
either from the performance curve produced by the precise model
presented in [40] or by practical measurements. The inside temper-
ature variation is controlled within a narrow temperature band of
±2 ◦C. Thus, this model captures the normal temperature and the
maximum temperature deviation that the customer is willing to
accept.

2.2. Energy storage system

The charging/discharging of the ESS in a microgrid needs to be
coordinated to ensure the supply-demand balance. The residen-
tial building is considered to be equipped with batteries for energy
storage. The generic dynamic model of the ESS is given as follows:

Ebat(k) = (1 − ϕ)Ebat(k − 1) + � ·
(

�chgPchg(k) − Pdchg(k)
�dchg

)

+ E(−LmCm(k) − LhCh(k) − LmDm(k) − LhDh(k)), (3)

0 ≤ Pchg(k) ≤ Pchgu1(k), (4)

0 ≤ Pdchg(k) ≤ Pdchgu2(k), (5)

u1(k) + u2(k) ≤ 1, (6)

SOC(k) = Ebat(k)

E
,  (7)

SOC ≤ SOC(k) ≤ SOC, ∀k ∈ [1,  m], m ∈ N  (8)

and
SOC(k) = 0.3 at k = N. (9)

Eq. (3) relates the energy state of the ESS at time k to that at time
k − 1, and the charging and discharging energies at time k. Eqs. (4)
and (5) ensure that the charging and discharging power levels are
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ithin specified values. Eq. (6) ensures that the ESS is either in
harging, discharging, or in idle mode. The state-of-charge (SOC) of
he ESS can be computed using (7), and the upper and lower limits
n the energy level of the ESS is given by (8). Finally, Eq. (9) ensures
hat by the end of the day the energy level of the ESS is not fully
epleted and can compensate for any error in weather forecast.

chg(k) ≤ R1Cl(k) + R2Cm(k) + R3Ch(k), (10)

dchg(k) ≤ R1Dl(k) + R2Dm(k) + R3Dh(k), (11)

l(k) + Cm(k) + Ch(k) ≤ 1, (12)

l(k) + Dm(k) + Dh(k) ≤ 1, ∀k ∈ [1,  m],  m ∈ N. (13)

urthermore, one of the features of this paper is linearizing the
harging/discharging capacity, which is discussed next. In Eqs. (10)
nd (11) the upper limits on charging and discharging, Pchg(k)
nd Pdchg(k) respectively, are split into three levels: low, medium,
nd high. As the charging/discharging rate of the ESS increases,
he energy loss increases as depicted in Eq. (3). Lm and Lh are
he loss coefficients associated with medium and high charg-
ng/discharging rates, respectively. Constraints (12) and (13) ensure
hat the ESS is either operating at low, medium, or high levels of
harging/discharging at any given time k. The following equations
resent a formulation for calculating the charging cycles of ESS:

(k) − v(k) = u1(k) − u1(k − 1),  (14)

(k) + v(k) ≤ 1, (15)

YC =
∑

k

u(k), (16)

ess(k) = �C1Pdchg(k) + C2CYC, ∀k ∈ [1,  m], m ∈ N. (17)

qs. (14)-(16) are used to calculate net charging cycles. Eq. (14)
nsures that u(k) = 1 when a new charging cycle starts by comparing
he charging status of the ESS at current and previous time. For
xample, if at k = 2: u1(1) = 0 and u1(2) = 1, this will enforce u(2) = 1
o denote a new charging cycle has started; similarly if u1(1) = 1
nd u1(2) = 1, this will enforce u(2) = 0 denoting battery is in the
ame charging cycle. Finally, Eq. (16) computes the total number of
harging cycles which will impact the operating cost of the battery,
s indicated in the second term of Eq. (17). The cost function of
he ESS (17) comprises two parts: cost associated with discharging
ower and cost of the charging cycles.

.3. Interaction with the power grid

Connection with the external grid can be used to compensate
or the uncertainties related to weather and demand forecast. The
ower driven from the grid is considered by the transformer capac-

ty, as follows:

 ≤ Pgrid(k) ≤ Pgrid(k), ∀k ∈ [1,  m],  m ∈ N. (18)

.4. Solar PV model

The power output of a solar PV module is modeled as a function
f the solar radiation, given as follows: [41]:

pv(k) = G(k)
1000

Prated
pv �MPPT , ∀k ∈ [1,  m],  m ∈ N, (19)

.5. Distributed generator
The operating constraints at each time k on DG are given as
ollows:

genS(k) ≤ Pgen(k) ≤ PgenS(k), (20)
ildings 130 (2016) 55–63

Pgen(k) ≤ Pgen(k − 1) + RUP(k), (21)

Pgen(k − 1) − Pgen(k) ≤ RDN(k), (22)

∀k ∈ [1,  m], m ∈ N. (23)

The dispatchable DG is subject to minimum and maximum gen-
eration capacity limits (20), ramp up (21) and ramp down (22)
rate limits. The unit commitment state S(k) is one when unit is
committed and is zero otherwise.

The fuel consumption of a DG can be represented as a quadratic
and convex function which can be approximated by piecewise lin-
ear segments (d). Each piecewise segment introduces the binary
variables and continuous variables analytically:

Cgen(k) =
∑

d

(˛dPd(k) + ˇdBd(k)) , ∀k ∈ [1,  m],  m ∈ N. (24)

where  ̨ is the slope of the line and ˇd is the Y-intercept of segment
d. To ensure only one segment is considered i.e., only one variable
Bd(k) takes the value 1 at any given time k, is given as follows:

∑
d

Bd(k) ≤ 1, ∀k ∈ [1,  m], m ∈ N. (25)

This ensures that at any given time k when
∑

dBd(k) = 1, the DG is
turned on otherwise the unit is in off state. Based on this, the output
of DG is given as:

Pgen(k) =
∑

d

Pd(k), (26)

Pd(k)Bd(k) ≤ Pd(k) ≤ Pd(k)Bd(k), (27)

∀k ∈ [1,  m], m ∈ N. (28)

3. Overall framework

Fig. 1 presents an overview of a residential building which
includes various appliances, ESSs, energy production systems, a
smart meter and two-way communication links between these
components. The proposed mathematical model and the associated
optimization solver resides in the central hub controller (CEMS).
This controller uses the mathematical model of each component
in the building, parameter settings, external information, and user
preferences, to generate the optimal operating decisions for all
components over the scheduling horizon. The device database
includes all technical characteristics of components such as rated
power/energy, storage/production level, and external information
includes weather and forecast, solar radiation and demand fore-
casts.

3.1. Modeling approach

A smart microgrid operations framework is proposed that opti-
mally accommodates load variations of the building. It is important
to obtain accurate information on future load and/or availability of
renewable energy resources for dispatch signals to be meaningful.
The proposed framework is depicted in Fig. 2, where inputs such
as the building load profile, weather forecast, outside temperature
for the next day are available. An update rate of 15 min is used,
which is consistent with the fastest available solar power forecast-

ing systems and suitable for capturing load variations. Thus, every
15 min  the CEMS is executed within an MPC  framework to revise
its operating decisions by updating the inputs from their forecast
values.
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Fig. 1. Residential building en

4

4

r

Fig. 2. Framework of the proposed CEMS for the residential microgrid.

. Optimization problem
.1. Mathematical model

The objective of grid-connected operation is to minimize the
esidential building’s operation cost
ergy hub architecture.

J =
m∑

k=1

(Cgen(k) + Cess(k) + CgridPgrid(k)). (29)

When the microgrid operates in isolated mode, the variable Pgrid
will be fixed to zero. At any given time k, the power balance equa-
tion ensures that the sum of the power generated by DERs (i.e.,
dispatchable and non-dispatchable units), the ESS, and the power
from the main grid matches the load

PDem(k) = Ppv(k) + Pgrid(k) + Pdchg(k) − Pchg(k)

+ Pgen(k) − PhvacSht(k), ∀k ∈ [1, m], m ∈ N. (30)

Thus, the overall mathematical model comprises the objective
function (29), constraint (30) and components constraints dis-
cussed earlier (1)–(27). The proposed model is an MILP problem and
is implemented in GAMS [42] using the CPLEX solver. The computa-
tional time is fraction of seconds which makes it easy to implement
this in real-time.

4.2. MPC implementation

The MPC-based control approach works as follows: at any time k,
the CEMS receives the current weather and load data, and forecast
data from k + 1 to k + N − 1. The CEMS then solves the optimiza-
tion problem (1)–(30) over this N-interval time horizon. The actual

operation at time k will implement the optimization result for that
time only. Then, at time k + 1, the CEMS obtains updated informa-
tion for the next N time intervals (from k + 1 to k + N) and solves
this finite horizon optimization problem again, and determines
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Table 1
Summary of case studies.

Case Description

Base Case Business as Usual: Maximize the customer comfort such that
the temperature deviation from the set points is minimized
while all other constraints on the devices are met

Case 1 Perfect Forecast: Minimize operating cost assuming that the
weather and demand forecasts are perfect
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Fig. 3. Comparison of charging and discharging power levels for the ESS in Base Case
and Case 1.

set

In Case 1, as expected, the inside temperature of the residential
building is maintained close to 20 ◦C (lower limit of temperature)
since the objective here is to minimize the operating cost of the
Case 2 Impact of Imperfect Forecast: Error due to not considering
actual forecast is studied

Case 3 MPC  Approach: Errors in forecasting parameters is considered

he optimal decisions for time k + 1. The time horizon moves for-
ard by one time slot for the new optimization. As this finite time
orizon optimization procedure schedules the building operation
onsidering the current and the forecast information. Such an algo-
ithm requires communication between the central controller and
ll components in the residential building to collect information
nd a powerful central controller to process large amount of data.

. Case studies and simulation results

The residential building considered is grid-connected however,
he cost of power is significantly increased to minimize the power
urchased from the grid. Solar PV panels with maximum rated
ower of 1.5 kW and one DG unit rated at 1 kW are assumed. An
nergy storage unit is included with storage capacity of 12 kWh
ith maximum charging and discharging power of 6 kW.  The charg-

ng and discharging efficiencies are assumed to be 86%. For the
imulation study, time interval of 15 min  is assumed with an overall
orizon of 24 h. The HVAC unit with a maximum power of 2.5 kW is
sed as a controllable load. Table 1 presents a summary of case stud-

es considered, and are discussed next to illustrate the effectiveness
f the proposed model.

.1. Base Case

This case assumes that customers do not care about the energy
rice and are interested in maximizing their comfort level. In this
ase, customers set a desired temperature on the thermostat, and
he deviation from the set point is minimized, as defined in Eq.
31).This scenario considers constraints on the operation of the
evices, and upper and lower limits on temperature. This case study
emonstrates how majority of the homes and residential buildings
ormally operate.

 =
∑

k

(Tk − Tset)
2. (31)

.2. Case 1: Perfect forecast

In this case, it is assumed that the weather and demand fore-
asts are perfect and there is no error. Fig. 3 compares the optimal
harging/discharging decisions of the ESS in Base Case and Case 1;
ote that negative power represents charging and positive power
mplies discharging. We  see that the ESS is used more in Base Case
s compared to Case 1, the number of charging cycles reduce by
4.5% in Case 1 as seen in Table 2. In Case 1, all charging/discharging
ccurs at low level (less than 2000 W)  to avoid energy losses at

able 2
ummary results of Base Case and Case 1.

Base Case Case 1

Energy cost [$/day] 2.35 1.96
Energy consumption /day [kWh] 40.01 36.94
Number of ESS charging cycles 11 5
Fig. 4. ON/OFF decisions of HVAC for Base Case and Case 1.

higher charging/discharging levels unlike the Base Case. Fig. 4 illus-
trates the optimal operation schedule of the HVAC unit in Base Case
and Case 1; 1 represents HVAC is ON while 0 means OFF state. We
observe that the HVAC is ON a lot more in the Base Case as compared
to Case 1. Also, in Case 1, the HVAC is ON when solar PV is available
(pre-heating the building), thereby reducing the energy cost. The
resulting indoor temperature for a typical winter day is presented
in Fig. 5 for Base Case and Case 1. Since the Tset in Base Case is fixed
at 22 ◦C, the inside temperature is always maintained close to T .
Fig. 5. Comparison of optimal indoor temperature of the building on a typical winter
day.



I. Sharma et al. / Energy and Buildings 130 (2016) 55–63 61

Fig. 6. Case 2: Forecast error increasing with time.
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of latter intervals, the error increases.
Figs. 10 and 11 present the optimal dispatch of the ESS and the

inside temperature profile of the building using the MPC  approach,
Fig. 7. Case 2: Mismatch between demand and generation.

uilding. To summarize these two cases, it is possible to reduce
he energy cost by optimally managing various sources and loads
n a building. In this case, on a given day, the proposed CEMS can
enefit customers reduce their energy cost by 16.6% (Table 2). By
ontrolling the load and not compromising on the comfort of the
ustomers, it is possible to reduce the energy consumption, as seen
n Table 2.

.3. Case 2: Impact of imperfect forecast

In this case, it is assumed that the 24 h ahead forecast inputs,
onsidered in Case 1, are not accurate. A piece-wise linear forecast
rror is assumed, which increases with time, as shown in Fig. 6.
he objective of this case study is to get an idea of the magnitude
f mismatch because of forecast error when the optimal dispatch
olution from Case 1 is applied. Using 24 h ahead imperfect forecast
nd the optimal dispatch solution from Case 1, results in mismatch
etween the demand and generation as shown in Fig. 7 where pos-

tive axis represents excess generation while the negative axis is
nmet load. From this solution excess energy that is wasted or the
emand that is not met  fully at specific hours is noted. The inside

emperature of the building is also affected as the temperature goes
elow the lower acceptable limit at k = 96 as shown in Fig. 8. Thus,

t is evident that it is important to update the dispatch solution in
eal-time because of forecast errors.

Fig. 8. Case 2: Indoor temperature of the building with imperfect forecast.
Fig. 9. Case 3: Forecast and actual values of base load.

5.4. Case 3: MPC  approach

In the previous case study it is evident that there is a need to
consistently check if any input or system data has changed. If there
is a difference between the forecast and actual inputs, the CEMS will
revise its inputs and system parameters to obtain a new set of opti-
mal  decisions for the remaining time period. The MPC approach
allows for errors in the forecasting methods to be identified and
updates the response in real-time. In this case study, simulations
are carried out a day before to determine the optimal dispatch for
the next day based on forecast of demand and weather inputs. Every
15 minutes, the CEMS revises the system parameters and inputs
based on the error in forecast values. For example, at k = 0, the CEMS
determines the optimal dispatch values from k=1 to 96, but imple-
ments the values obtained for k = 1 only; similarly, at k = 3, CEMS
determines the optimal dispatch taking into account new inputs
and system conditions from k= 4 to 96 and implements the solution
for k = 4 only, and so on.

A linear forecast error is assumed for demand and weather
uncertainties; as time increases, the error increases. The inputs
are revised every 15 min  based on the forecast error and inputs
at previous time interval. Fig. 9 presents a comparison of the fore-
cast versus the actual demand over a 24 h period. It is noted that
the forecast is very close to the actual at closer intervals while the
forecast error increases for latter intervals. For example, at k = 20
the forecast load is 632.5 W while the actual load is 641 W and at
another hour k = 60 i.e., 3 PM the forecast load is 1020 W while the
actual load is 1732 W.  This figure shows the importance of updat-
ing/checking inputs at regular intervals in order to have meaningful
dispatch results. The error between the forecast and actual values
close to the current time step is very small, however, for forecasts
respectively. Fig. 10 shows that most of the charging occurs when

Fig. 10. Case 3: Optimal dispatch of the ESS using MPC.
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potential of different control strategies in {HVAC} systems, Energy Build. 42
Fig. 11. Case 3: Indoor temperature of the building using MPC.

olar PV is available and the discharging of the ESS occurs in the
arly morning hours. In Fig. 11, it is noted that the building preheats
hen solar PV is available (k = 45–70) in order to maximize the use

f solar PV generation.

. Conclusions

This paper proposed a framework using MPC  to determine the
ptimal dispatch of various energy resources to meet the demand
f a residential building. The proposed CEMS uses the mathemat-
cal models of the components, the parameter settings, external
nformation, and user preferences to generate the optimal oper-
ting decisions for all components over the scheduling horizon.
n particular, the CEMS considers HVAC as a controllable load and
ptimally schedules its operations to meet the desired objectives.

Various case studies were carried out to demonstrate the effec-
iveness of the proposed framework in real-time applications. MPC
as applied in the presence of uncertainties in the demand and
eather forecast to derive the optimal solution in real-time. The
ain features of the proposed CEMS are (1) the capability to opti-
ize the use of energy resources and controllable loads, and (2)

romotes the use of renewable energy while meeting the comfort
evel of customers. The inclusion of an ESS to the building results
n greater flexibility in energy management as it overcomes the
ssues associated with intermittent nature of renewables and phys-
cal constraints of DG. It also contributes to matching the energy
emand with local production in a cost effective way.

The controllable loads such as HVAC systems also provide flex-
bility in balancing the intermittent electricity generation from
enewables, such load following services can help reduce the oper-
ting costs. It was demonstrated through a case study that during
he day when solar energy was available, the HVAC pre-heated the
uilding, resulting in reducing energy costs and energy consump-
ion.

The simulation results showed that using the proposed CEMS
n a building, it was possible to reduce the energy bill by optimally

anaging all the resources. For example, the case study presented
ere shows reduction in energy bill and energy consumption of the
ustomers by 17% and 8%, respectively, over a day. Furthermore,
t is important to have a flexible generation source that can take
are of mismatch between supply and demand. The CEMS also
elps in improving the life cycle of subsystems. For example, total
harging cycles of the ESS were reduced from 11 to 5 in the case
tudy presented. The overall framework shows the advantages

f using MPC  approach that aims at minimizing the error in the
orecasting tools in order to obtain a meaningful dispatch. Another
trength of this framework lies in the low computational costs, it

[

ildings 130 (2016) 55–63

takes fraction of seconds to run the proposed model which makes
it easy to implement this in real-time.

Further developments will include two-way interaction with
the grid, which is important in the context of smart grids. The con-
trolled load profiles obtained from the CEMS can be communicated
to the LDC. The latter can use this information to determine the
optimal operating decisions for the feeder. Furthermore, the LDC
or microgrid controller can send control signals to each CEMS in
the form of a peak cap signal or price signal to ensure safe, reliable
and cost-effective operation of the grid.
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