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ABSTRACT

This paper presents a model predictive control (MPC) framework to minimize the energy consumption and the
energy cost of the building heating, ventilation, and air-conditioning (HVAC) system integrated with a micro-
scale concentrated solar power (MicroCSP) system that cogenerates electricity and heat. The mathematical
model of a MicroCSP system is derived and integrated into the building thermal model of an office building at
Michigan Technological University. Then, the MPC framework is used to optimize thermal energy storage (TES)
system usage, the energy conversion in the Organic Rankine Cycle (ORC), and the thermal energy flows to the
HVAC system. The MPC results for energy and cost savings show the significance of understanding system
dynamics and designing a real-time predictive controller to maximize the benefits of MicroCSP thermal and
electrical energies production. Indeed, the designed MPC framework provided 37% energy saving and 70% cost
saving compared to the conventional rule-based controller (RBC). Furthermore, the MicroCSP integration into
the building HVAC is compared to the alternative of integrating photovoltaic (PV) panels and battery energy
storage (BES) system to address the building HVAC needs. The results show the MicroCSP system outperforms PV
solar panels for energy saving, while the PV panels outperform the MicroCSP system for cost saving when
dynamic pricing is applied.

1. Introduction

energy. It is suggested that the entire world yearly energy needs can be
fulfilled by covering only 0.1% of the surface of the earth by solar

Two of the main challenges facing the world in the 21st century are
the fossil fuels scarcity and the greenhouse gas (GHG) emissions. These
require considerable efforts to reduce the GHG negative impacts on the
environment, take preventive measures against climate change, and
preserve the natural resources so that they can continue to be sustain-
ably exploited [1].

The U.S. Environmental Protection Agency (EPA) reported that
electricity production contributed to 36% of the total CO2 emissions in
the U.S. in 2016 [2]. In addition, the commercial and residential
buildings were responsible for 74% of the U.S. electricity consumption
in 2017 [3], while a third of this consumption was imputed to the
heating, ventilation, and air-conditioning (HVAC) systems [4]. There-
fore, due to their energy-intensive nature and the associated GHG
emissions, HVAC systems are important parts of the energy efficiency
programs in the U.S.

Solar energy is one of the largest potential sources of renewable
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collectors with merely 20% efficiency [5]. Moreover, solar energy can
be a cost-effective and sustainable alternative to grid-extension and
fuel-based electricity generation for rural electrification especially in
Africa which has a low electrification rate while possessing an im-
portant solar potential [6]. The two main technologies that use solar
energy are (i) the well-known photovoltaic (PV) technology which is
mainly used to produce electricity and (ii) the concentrated solar power
(CSP) technology that produces both electrical and thermal energy.

The U.S. Department of Energy (DOE) launched in 2011 the SunShot
Initiative that aims to make solar energy more competitive by reducing
the cost of the utility-scale installations by 75% bringing it to around $1
per Watt [7]. More recently, in 2018, the DOE awarded $72 million for
projects dedicated to developing the next generation of advanced CSP
systems [8].

Although high-temperature CSP technology is well developed for
large power plants and in use for years, micro-scale concentrated solar
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Nomenclature
Abbreviations

AHU air handling unit

BES battery energy storage

COP coefficient of performance
CSP concentrated solar power
DNI direct normal irradiance
ERV energy recovery ventilator
ETC evacuated tube collectors
FLT first law of thermodynamics
HP heat pump

HTF heat transfer fluid

HVAC  heating, ventilation, and air conditioning
LMP locational marginal price

MicroCSP micro-scale CSP

MPC model predictive control

ORC organic rankine cycle

PTC parabolic trough collectors

PV photovoltaic

RBC rule based control

SOC state of charge

TES thermal energy storage

WF working fluid

Symbols

6 incidence angle (rad)

6, zenith angle (rad)

Tyolar solar time (h)

Tstandara ~ Standard time (h)

DST daylight saving time (h)

Ly meridian of local time zone (-)

Lige meridian of collector site (-)

E; equation of time (h)

B Fractional year (rad)

) latitude angle (rad)

é declination angle (rad)

W hour angle (rad)

n day number starting from January 1st (-)
N optical efficiency of collectors (-)

IAM incidence angle modifier (rad)

Ap aperture area (m?)

DNI direct normal irradiance (W/m?)

Thus HTF average temperature (K)

Tomb ambient temperature (K)

Tt in PTC solar array inlet temperature (K)
Thusf out PTC solar array outlet temperature (K)
Cp,air specific heat of the air (J/(kg.K))

CcoP coefficient of performance of the HP (-)
Tsu supply air temperature to thermal zone (K)
THP supply air temperature to the HP (K)

ERV outlet air temperature (K)

supply air temperature limit (K)

thermal zone temperature upper bound (K)
thermal zone temperature lower bound (K)
absorbed solar power (W)

g’c?"“l E !
<

Qloss heat loss in collectors (W)

Mg HTF mass flow rate in the collectors (kg/s)

E, recirculator power consumption (W)

Ppy power required for HTF recirculation (W)

Drecir recirculator efficiency (-)

Ap pressure drop (Pa)

Prys HTF density (kg/m>)

Qsor thermal power produced by the PTC solar array (W)
hy WF specific enthalpy at state x (J/kg)

Tgen efficiency of the ORC turbine generator (-)

Drotor efficiency of the ORC pump motor (-)
Hyp mass flow rate of the WF (kg/s)

Pyross ORC gross electrical power (W)

Poump ORC pump motor power (W)

Pore ORC net electrical power (W)

Qcoc ORC cogeneration heat flow rate (W)

QrEs heat flow rate from TES to ORC (W)
Crgs capacity of the TES (Wh)

Miges HTF mass flow rate from TES (kg/s)

Cp,if specific heat of the HTF (J/(kg.K))

Tov,in ORC evaporator inlet temperature (K)
Tev,out ORC evaporator outlet temperature (K)

1 pressure ratio of the WF (-)

I, building HVAC energy consumption (W)
A HVAC fan power coefficient (W. s3/kg3)

m supply air mass flow rate (kg/s)

N prediction horizon (-)

Ppy electricity power produced by the PV solar array (W)
Psyp power from the BES to the building (W)
pf ventilation fan power consumption (W)

pH HP power consumption (W)

t current time (s)

ty final time (s)

N, number of zones in the building (-)

st mass flow rate of the supply air (kg/s)

m fresh air mass flow rate to thermal zones (kg/s)
T? thermal zone temperature (K)

ERE energy recovery ventilator effectiveness (-)
Poig power from grid to building (W)

I weight of soft constraints (-)

SoC SOC upper bound (%)
soc SOC lower bound (%)

Mymax ORC evaporator mass flow limit (kg/s)
[ optimization lower slack variable (K)
[ optimization upper slack variable (K)
Cges capacity of the BES (Ah) (W)

Vs voltage across the battery (V)

power (MicroCSP) systems, with less than 1 MW of rated power, did not
become popular until recent years [9]. The well-known Organic Ran-
kine cycle (ORC) technology is used in MicroCSP to mimic the con-
ventional Ranking cycle by using an organic fluid instead of water to
convert low-grade thermal energy into electrical energy [10]. Despite
its inherent low thermal efficiency, the ORC engine can increase the
overall efficiency of a building system by providing low-grade waste
heat to the low-temperature thermal loads [11]. Furthermore, opti-
mally designed ORC engines coupled with solar collectors, such as flat-
plate collectors or evacuated tube collectors, have a great potential for

domestic applications and present a levelized cost of energy comparable
to PV systems [12]. This work falls within the context of a research
project that aims to develop an optimal control framework to analyze
the potential of MicroCSP technology to exploit its low-grade heat co-
generation for building applications. The MicroCSP includes a thermal
energy storage (TES) system to improve system performance when solar
energy is unavailable.

Integration of solar energy in buildings HVAC systems to reduce
energy consumption and energy cost is well reported in the literature.
Authors in references [13,14] built a solar-thermal-assisted HVAC
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system. They used flat-panel and vacuum tube solar collectors to pro-
duce heat and store it in a TES system before using it to provide either
heating through a heat exchanger, or cooling through an absorption
chiller to a university campus building. Using look-ahead scheduling,
the authors in [13,14] achieved a 30% annual cost saving by con-
sidering day-ahead irradiation and temperature forecasts [15]. A hybrid
solar-assisted HVAC and water heating system was presented in re-
ference [16]. The authors used a rolling stochastic optimization method
for the smart scheduling of energy and showed a substantial reduction
of the energy cost. Authors in reference [17] investigated the coupling
of PV-thermal collectors to HP and absorption chillers. Simulations
were performed for ten locations in Europe with different configura-
tions. The results show that the combined system can cover up to 60%
of the heating load and almost 100% of the cooling demand. In another
paper, authors in reference [18] carried out an economic analysis of PV-
thermal collectors for building integration in Sweden for heat and
power cogeneration. Using Monte Carlo simulations, the sensitivity
analysis on 11 factors showed that PV-thermal collectors are more
profitable for locations with high solar irradiance and high heating
prices. In reference [19], the authors presented a combined trigenera-
tion solar system based on PV-thermal collectors coupled with ab-
sorption chillers. Using measurement data from a university campus
testbed, an economic analysis was performed to compare the PV-
thermal-based system with both the conventional PV-based system and
evacuated tube collectors (ETC)-based system. The results show that the
PV-thermal-based system has 2.7 times higher payback time compared
to PV-based system and 2.3 times shorter payback time than the ETC-
based system. Besides, the PV-thermal-based system presents a sig-
nificant reduction in GHG emissions. In reference [20], several hybrid
systems including PV/micro-CHP/solar thermal integrated into a
building were simulated to investigate their potential in reducing the
emissions and energy consumption. Authors in reference [21] con-
sidered flat-plate evacuated solar collectors for a small-scale combined
cooling, heating, and power trigeneration system used in building ap-
plications. The performance analysis showed that optimal selection of
the design parameters, such as the storage size, can improve the overall
efficiency by 6.5%. The aforementioned studies focused only on the
benefits of combining solar energy with different systems for building
heating and cooling; however, they did not address the control chal-
lenges for optimal operation of these combined solar energy integrated
systems.

The stochastic nature of the solar irradiation and its limitation to the
daylight hours make the control of solar energy integrated into build-
ings very challenging. However, TES can be interfaced with solar en-
ergy to make it more dispatchable. The relative simplicity of TES for
high dispatchability gives the CSP technology a competitive advantage
over PV [22]. Hence, TES system has been integrated into CSP plants to
act as a buffer for storing heat and delivering it on-demand; thus, im-
proving the dispatchability of solar power and encouraging renewable
energy integration in power plants [23]. For utility-scale CSP plants,
over 97% round-trip efficiencies were reported in reference [24] with
two-tanks TES systems and molten solar salt. For a 1 MW CSP system,
authors in reference [25] showed that notwithstanding solar energy
variations, the two-tank TES system can guarantee a constant power
output and increase the penetration rate of solar energy by as much as
47% and up to 70% on sunny days. Furthermore, several advanced
control techniques have been applied to CSP systems to handle the
stochastic nature of solar energy [26,27]. MPC is one of the most used
techniques for control of solar systems. Indeed, MPC has been suc-
cessfully utilized for optimal control of a building integrating heat
pumps (HP) [28] with PV panels and battery energy storage (BES) [29].
Authors in reference [30] presented a hierarchical MPC for a building
energy management system. They developed a modular coordination
approach of MPC controllers for microgrid energy flows and building
thermal comfort, and were able to minimize the operation cost of the
building. In reference [31], the authors presented a hybrid MPC
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strategy to control solar-assisted HVAC. The air-based PV-thermal
system, the phase change active storage, and the residential building
HVAC system were optimally controlled in [31] to achieve efficiency
and thermal comfort objectives.

This study considers a MicroCSP plant integrated into the HVAC
system of an office building. Solar energy captured by the parabolic
trough collectors (PTC) is converted into thermal energy. This thermal
energy is stored in a TES system and dispatched to the ORC to co-
generate both electrical and low-grade thermal power when needed.
The low-grade heat preheats the fresh air coming from the Energy
Recovery Ventilator (ERV) system and/or the recycled air from the
rooms in the building, while the electricity production contributes to
the reduction of the electrical energy consumption from the power grid.

For optimal usage of energy from MicroCSP, the TES system must
store the thermal energy from PTC solar array and dispatch it to the
ORC according to the building HVAC needs. Hence, in this study, an
MPC is designed to optimally control TES usage along with the thermal
energy flows from the HP to the building. The MPC can provide a real-
time optimal solution, deciding whether to use solar energy to supply
cogenerated heat to the rooms in the building by dispatching thermal
energy from the TES to the ORC or to use electrical energy from the grid
to run the HP to heat the rooms. Additionally, by controlling the indoor
temperature based on the solar irradiation forecast and the current and
future desired temperature set points, MPC can guarantee thermal
comfort while handling constraints on the operating limits of the HP,
the ORC, and the state of charge (SOC) of the TES.

To the best of authors’ knowledge, this paper is the first study un-
dertaken to design an optimal model-based predictive controller to
maximize energy and cost savings from a building HVAC system in-
tegrated with a MicroCSP system. It also presents the first study to
compare MPC results of energy and cost saving, using MicroCSP along
with HVAC system, with using PV panels combined with the HVAC
system.

This paper builds upon our prior works in [32,33] and proposes a
new real-time model-based predictive controller for both energy saving
and electricity cost saving of a building integrating a MicroCSP system
with an optimally sized TES system. To assess its performance, the
MicroCSP results are also compared to those of the PV. In addition, a
large number of Monte Carlo Simulations are conducted to evaluate the
sensitivity of reported results to i) model uncertainty, ii) seasonal
weather changes, and iii) solar irradiation variations and uncertainty in
predictions. The results are presented for a real test setup including an
office building at Michigan Technological University and a recently
purchased MicroCSP system. The building model, HVAC model, and PV
panel model are experimentally validated, using experimental data, in
our previous studies [34,35] and the MicroCSP model is validated using
the manufacturer data [36].

The organization of the remainder of the paper is as follows. Section
2 details the building testbed. Then, the mathematical models of the
PTC, TES, ORC, and the building testbed are described in Section 3. The
design of the MPC framework and the formulation of the optimization
problem are explained in Section 4. Next, the results of the building
predictive control with MPC are presented in Section 5 and compared to
the building HVAC rule-based control. This section also presents Monte
Carlo simulation results to assess the effect of prediction uncertainties
on building energy and cost savings using solar energy. Section 6
concludes the paper by including the major findings from this paper.

2. Experimental testbed

The Lakeshore Center building at Michigan Technological
University is the building testbed considered in this study. It is an office
building with three floors of 5700 m? area each. An individual thermal
zone is composed of an office room heated by an individual HP with a
nominal coefficient of performance (COP) of 3.2. The HP systems use
ground source water which remains almost at a constant temperature.
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Table 1
Specifications of the testbed components.
Component Parameter Value Manufacturer
PTC Aperture area 54 m? Soltigua PTM x 24
Number of rows 3
TES HTF Therminol VP-1  Azolis Direct two-tank
Working temperatures 140°C-180°C
Storage volume 5m?
ORC WF R245fa ENOGIA
PV Cells type Polycrystalline ENO-10LT
Number of panels 108
BES Type Lithium-ion LG Chem
Nominal capacity 5kWh
Inverters CEC efficiency 96% SolarBridge
(a) MicroCSP testbed
Outdoor Return Supply Air
Air, T Air to Units

Heat Pump

-
[}
|

Qsor: Thermal power produced by the PTC solar array
: Qrgs: I:{eat flow rate from TES to ORC

1 Qcog: ORC cogeneration heat flow rate

Porc: ORC net electrical power

(b) PV based system

Outdoor Return Supply Air
Ail:g_- T _ Air to Units Heat Pump

Battery
Inverter

Ppy: Power from PV to BES
Pg,p: Power from BES to building

Fig. 1. Building HVAC energy flows in the MicroCSP testbed and the PV based
system.

The airflow rate of the HP is also constant. Since the thermal zone air
temperature is maintained within a + 2°C range inside the comfort
zone, the assumption of constant COP is utilized in this work. The
thermal zones are equipped with a temperature sensor that records the
temperature data with + 0.2 °C accuracy at a 1-min sampling rate. The
building is coupled with MicroCSP and PV systems for the purpose of
this study. The specifications of the MicroCSP and PV testbed compo-
nents are shown in Table 1. These components are based on our existing
equipment.

The experimental testbed setup in this paper is shown in Fig. 1(a).
The temperature of each thermal zone is controlled by adjusting the
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temperature of the air supplied by the associated HP. The mass flow
rate of the supply air is adjusted as proportional to the thermal zone
area. The HP is supplied with air from the air handling unit (AHU).
When the building is unoccupied, the returning air from the thermal
zones is totally recirculated to the AHU where it can be heated by the
cogeneration heat (Qcoc) from the ORG, if available. When the building
is occupied, the ERV mixes the outdoor fresh air with the returning air
from the thermal zones and the resulting mixed air is heated by the
cogeneration heat (Qcos) from the ORC, if available.

The MicroCSP system supplies low-grade cogenerated heat to the
thermal zones and electricity to the HP. The thermal energy produced
by the PTC solar array (Qsor) is stored in the TES system. When thermal
and electrical energies are needed by the building, the TES dispatches
part of the stored thermal energy (Qrgs) to run the ORC at its maximum
efficiency and cogenerate electrical power (Pore) that is delivered to the
building HP and thermal power (Qcog) that is used to preheat the
building HP inlet air. The MicroCSP model is based on our recently
purchased system.

In this study, the integrated MicroCSP system is compared to the PV
based system, where the PV panels produce energy (Ppy) that is directly
stored in the BES through charging inverters. Part of this stored energy
(Psyp) is dispatched to the building HVAC system after being converted
by another inverter, as shown in Fig. 1(b).

3. Modeling
3.1. PTC model

Solar collectors are the key components for solar integration into
buildings [37]. The PTC solar array considered in this study is com-
posed of three rows of PTC, model “PTMx-24” manufactured by Sol-
tigua [38]. Since the PTC use only direct-beam solar irradiance, each
PTC row is equipped with a north-south axis tracking system allowing
sun tracking from east to west. Based on astronomical formulas, optical
modeling of the PTC is performed.

The incidence angle 6 is the angle formed by the line perpendicular
to the tracking plane and the solar beam, as shown in Fig. 2. It is related
to the hour angle (w), the declination angle (), and the zenith angle
(6;) by the following equation [39]:

cos(8) = \/0052(5). sin(w) + cos?(6,) 6h)

The hour angle w is the angle between the local meridian and the
sun such that

2
W = (TSolar - 12| —
24 @)

where, Ts,q, is the solar time which is related to the standard time

Line normal to

collector plane Beam

Incidence

Collector aperture plane

Fig. 2. Schematic of a PTC, showing the incidence angle (6).
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(Tstandara) by the following equation

Ly — Lig. E;
Tootar = Te — DST 4 =St — e | L
Solar Standard 15 60 (3)

where, DST is the Daylight Saving Time which is equal to “1” during
daylight-saving time otherwise it is “0”. In addition, Lj,, and Ly are the
meridians for the collector site and the local time zone, respectively. To
account for the elliptical shape of the earth’s orbit, a parameter E,
known as the equation of time is used [40]:

E,
= 229.18 X (0.000075 + 0.001868 x cos(3) — 0.032077
X sin(B) — 0.014615 x cos(28) — 0.040849 x sin(2f)) (€)]

where, § is the fractional year that translates the day of the year to an
angle of rotation of the earth around the sun:

(n-1) 5
365 %)

where, n is the day number starting from January 1st. The declination
angle &, which is the angle between the position of the sun at noon, and
the plane of the equator, varies seasonally from — 23.45& at the winter

B =

solstice to 23.45& at the summer solstice as follows [41]:

§=12345%x 1 x sin(M x 2n)
180

365 (6)

Eq. (7) shows the relationship between the zenith angle &, (the angle
between the zenith -the line normal to the ground- and the sun), the
declination angle J, the hour angle w, and the latitude angle ¢[41].

cos(6;) = cos(9). cos(w). cos(p) + sin(d). sin(p) @)

After calculating the incidence angle using the optical model of the
PTC, the solar power absorbed by the PTC (Qg) is given by [42]:

Qabs = 7,- DNI. cos(0). A,. IAM ®

where, 7, = 0.748 is the optical efficiency of the collectors [38]; DNI is
the direct normal irradiance; A, is the area of the aperture; and IAM is
the incident angle modifier taken from table based values provided by
the PTC manufacturer [38]. Note that, in Eq. (8), the effects of the in-
cidence angle and the JAM are considered separately.

The heat losses in the PTC (Qys) are predicted using the following
correlation [42]:

Qloss =ap + a. (’I;'L[f = Tymp) + . (’Ihtf - ’Elmb)z 9

where, ap = a; = 0 and a; = 0.64 are the heat loss coefficients taken
from the PTC datasheet [38], and T, is the temperature of the outdoor
ambient air. The temperature of the heat transfer fluid (HTF) is as-
sumed to be increasing linearly through the collectors, hence T, is the
average HTF temperature in the collectors:

7;uj",in + 7;lt‘]",out
2 (10)

where, Ty o and Ty, are, respectively, the outlet and inlet tem-
peratures of the HTF in the PTC solar array.

Finally, the thermal power generated by the PTC in the PTC solar
array is

QSOL = Qabs - Qloss an

The HTF temperature is increased by AT = 40 °C through the PTC
solar array by controlling the mass flow rate of the HTF (ri1;s) so that
Tiyf.in = 140 °C and Tyyf o = 180 °C.

The power consumption of the recirculation pump is calculated by:

Ty =

P
p= D

Drecir (12)
where, 7, is the recirculation pump efficiency, and Py is the pump

Energy Conversion and Management 199 (2019) 111924

1200 T T

-}-Simulation Results
1000 | Experimental Data D

@
o
o
T
I

Thermal Power (kW)
[}
S
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Fig. 3. PTC model validation with manufacturer thermal power data [43] for
different number of collectors.

power required for recirculating the HTF:

AY
Pug = titgg =2
Pruf 13)
where, ity is the HTF mass flow rate in the PTC solar array and Pryf is
the HTF density. The correlation for estimating the pressure drop in the
PTC solar array (Ap) is taken from the PTC data sheet [38].

Ap = 1.24 X 107* X iy + 1.27 X 1073 Xty 14)

Experimental data from the manufacturer Soltigua [43] was used to
validate the PTMx-24 collector model in this work. In Fig. 3, the con-
trol-oriented model of the PTC was used to estimate the generated
thermal power, at the nominal operating point, with respect to the
number of collectors. The results show that the PTC model is in good
agreement with the manufacturer data.

3.2. PV panel model

In this paper, the well-known single-diode equivalent circuit of PV
cells is used to develop a five-parameter model of the PV panel [44].
The equivalent circuit of PV cells includes a series and a shunt re-
sistance and a current source in parallel with a diode. Details of the PV
panel mathematical model can be found in [29,35]. The PV panel
modeled in this work includes the “KD210GX-LP” PV panel model
manufactured by Kyocera Solar Solutions [45]. The PV panel model has
been experimentally validated in our previous work in reference [35].
Fig. 4 shows a very good agreement between the estimated and the
measured output power of the PV panel.

3.3. TES and BES models

In this study, the TES system is used as a buffer to mitigate inter-
mittent thermal power supply from the PTC solar array and guarantee

200 I I I I
— — Predicted
E = =Measured
5
&
=5 . 4
3 100
)
3
o
o

0 I \ \ I
0 5 10 15 20 24

Time (hour)

Fig. 4. PV panel validation result for Kyocera 210 KD210GX-LP Solar Panel.
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reliable and efficient power generation from the ORC despite the sto-
chastic nature of solar irradiation.

As shown in Fig. 1(a), the TES system is composed of a two-tank
direct system. Each tank is modeled as a fully-mixed tank with a cy-
lindrical shape that can contain the entire quantity of the HTF. During
charging, the high-temperature HTF produced by the PTC solar array
accrues in the hot tank, while the low-temperature HTF from the cold
tank is fed back to the PTC solar array. During discharging, the high-
temperature HTF accumulated in the hot tank is supplied to the ORC
that converts the thermal energy contained in the HTF into electrical
energy and cogenerated heat then rejects the low-temperature HTF to
the cold tank. The tanks are assumed to be well insulated. Since over-
night storage is not provided, the heat losses from the tanks are ne-
glected. Indeed, the PTC solar array production is stored so that it can
be used to run the ORC at its maximum efficiency during the occupancy
period when thermal and electrical energies are needed.

To estimate the rate of change in the SOC of the TES, the following
equation is used:

SOCTES — Qsor — Qres
Cres (15)

v_vhere, Qsor, is the thermal power production of the PTC solar array,
Qrgs is the thermal power output from the TES to the ORC, and Crgg is
the TES thermal capacity.

In the PV based system, the BES system is a set of lithium-ion air-
cooled battery packs, model “RESU” manufactured by LG Chem with a
nominal capacity of 6.5 kWh (Fig. 1(b)). The battery packs are modeled
based on the performance map provided by the manufacturer [46].
Using the battery performance map, the temperature and the maximum
charge and discharge powers at a given SOC are derived [47].

The rate of change in the SOC of the BES is estimated using the
following equation [47]:

SOCPES — Pry — Psap
Vi Caes (16)

where, Ppy is the electrical power production of the PV solar array and
Ps,p is the power dispatched from the BES to the building, Vj is the
voltage across the battery, and Cggs is the battery’s capacity.

For optimal usage of the storage capacity and flexible operation of
the MPC, the TES and BES should be properly sized. In this study, an
iterative approach was used to investigate the effect of sizing on the
system performance. Hence, the TES and BES capacities were chosen to
correspond to 98% of the maximum possible cost saving. More details
about energy storage sizing are provided in Section 5.6.

3.4. ORC model

In this paper, a low-temperature ORC engine with a 10 kW nominal
power manufactured by ENOGIA, model ENO-10LT [48] is considered.
R245fa is used as the working fluid (WF) in the ORC cycle. As shown in
Fig. 5, the HTF dispatched by the TES transfers its thermal energy to the
WF through the evaporator that changes the WF state to vapor. The
resulting high-temperature high-pressure vapor goes through the tur-
bine (State 1) that converts its energy into mechanical work which will
be converted into electricity by the power generator. This reduces the
WF pressure and temperature while remaining at a vapor state (State 2).
The WF is then condensed after transferring its thermal energy to the
coolant in the condenser heat exchanger. The extracted heat will be
used to preheat the air supplied to the thermal zones. The resulting low-
temperature low-pressure liquid (State 3) is recirculated through a
pump increasing its pressure (State 4) transferring it back to the eva-
porator, and the cycle is repeated.

The First Law of Thermodynamics (FLT) is applied to the WF closed
system to derive the ORC governing equations:

QTES = M. Cp,htf - (Tev,in - ev,out) (17a)
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Fig. 5. Schematic of the ORC in this study.

Forc = Pgross - Ppump (17b)

Pgross = Ugen~ mwf- (hl - h'Z) (17C)
mwf— (h4 - h3)

PP“””P =

Qcoc = M. (hy — h3) (17e)

where, Qg is the thermal power dispatched to the ORC from the HTF;
Porc and Py, are the net and gross electrical power produced by the
ORC turbine generator, respectively; Py, is the power consumption of
the recirculating pump; Qcog is the thermal power cogenerated by the
ORC; hy, hy, hs, and h4 are the WF enthalpies at the turbine inlet and
outlet, and the pump inlet and outlet, respectively; 7,,, and 1,,,,, are,
respectively, the efficiency of the ORC turbine generator and the effi-
ciency of the recirculating pump; i, is the mass flow rate of the HTF
dispatched from the TES and 1, is the mass flow rate of the WF; T, ;,
and T,, . are the ORC evaporator’s inlet and outlet temperatures, re-
spectively.
It can be shown that

Fore = f(mwfy Fyes, Cp,htf > Tev,ins Tev,out» hs, Tp> Ngen> npump) (18a)

QCOG = g(mwfv Filies, Cp,htf > Tév,im Rv,outa ]’13, Tp, Wgew npump) (]_8]))

where, r, is the ORC turbine pressure ratio (i.e., r, = %).

In Eq. (18), rityyg, Topin, and T, ., are constant design parameters.
Cp,uf> Tgen> AN 7),,,,,,, are constant for the given working conditions. h; is
constant since it is a function of the condensation pressure (P;) and
temperature (73) which are maintained constant by varying the mass
flow rate of the coolant. The nominal value of 3 is chosen for the
pressure ratio (r,), which can be adjusted depending on the desired
power, to maximize the efficiency of the ORC (7,,.) at the nominal
conditions. Considering all the assumptions above, it can be shown that
Pore and Qcog depend on 7t only. Fig. 6 shows the variation of Poge
and Qcog as function of 7.

Measurement data [36] from the manufacturer was used to validate
the control-oriented model of the ORC at its nominal operation point.
The results are shown in Table 2. The errors between measurements and
model outputs are found to be less than 10%.

3.5. Building thermal model and HVAC power consumption

The thermal model of the building testbed studied in this paper is
derived by applying the well-known RC modeling technique that uses
resistive, capacitive, and current elements to model storage and heat
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Table 2

ORC model validation against the manufacturer data [36] for the system
nominal operating point. The inputs to the simulation model are
Tovins Tovours P1, T, P3, T, and m,s using the data provided by the manufacturer.

Variable Unit Measured Simulated Error (%)
ges kg/s 0.6 0.6 0.0
Qs kw 60 60.2 0.3
i) °C 73.8 71.9 2.6
Ty °C 37 36.4 1.6
Pyen kw 4 4 0.0
Poump kw 0.9 0.9 0.0
Qcoc kw 55 56.1 2.0

transfer with outdoor and neighboring thermal zones. The building
testbed model is detailed and experimentally validated in our previous
works in references [34,49,50]. The experimental validation of the
building thermal model is presented in Fig. 7.

To calculate the energy consumption of the building HVAC system,
the energy index (I,,) is determined by:

24 N
Le=Y, >, ®L+P. A
=0 i=1 (19)

where, N, is the number of thermal zones in the building considered for
this study. The main focus of this study is the heating mode, hence the
HVAC electrical consumption is the total of the electrical power con-
sumed by the HP (/1) and by the ventilation fans (P}). It is noteworthy
that the MicroCSP can be used for cooling as well if an absorption
chiller is integrated into the system [51]. However, in this study, we
only focus on heating application.

The HP and ventilation fans electrical consumption are calculated
by:

mlstu Cp,air- (fzs? - E{{P
CcoP (20a)

H _
P =

Pl = ¥ (i)Y (20b)

where, m™ and 7" are the mass flow rate and the temperature of the
supply air, respectively; T/ is the HP inlet air temperature; COP is the
coefficient of performance of the HP; y;. is the fan power coefficient.
During the non-occupancy period, the exhaust air from the thermal
zones recirculates through the heat exchanger coupled with the ORC
condenser before going to the HP. During the occupancy period, the
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ventilation requirements defined by the ANSI/ASHRAE Standard 62.1-
2007 for required indoor air quality are considered. A 5 persons per
100 m? default occupant density of an office space and an 8.51/s per
person default combined outdoor air rate are considered to estimate the
minimum required mass flow rate (#i1;”) of fresh air that will be mixed
with the exhaust air from the thermal zones in the ERV. This mixed air
passes through the ORC condenser and is heated, using the cogenera-
tion heat (Qcog), to supply hot air to the HP or to the thermal zones
directly. The inlet temperature of each individual HP is calculated using
Eq. (21) for both occupancy and non-occupancy periods.

nsu _ v |12 4 iy TERV
(mi,t _mi,z]Y},z+mi,th ;
QcoG,t

Ti}{P = m Nt ;Cp,air

(a) occupancy period

TZ 4 QcoG,t
L

Tt oo (b) non-occupancy period
Z2M; ¢ Cp.air

21

where, T? is the temperature of the thermal zone. The temperature of
the ERV outlet (TFRV) is calculated as follows:

TP = Tynpi + ERE. (T, — Tomn,e) (22)

where, ERE is the energy recovery effectiveness of the ERV system
defined by the AHRI (Air-Conditioning, Heating and Refrigeration In-
stitute) Standard 1060 and the ASHRAE Standard 84.

4. Building model predictive control (MPC)

This section details the MPC design and optimization problem for-
mulations for energy and cost minimization.

4.1. Energy optimization

Fig. 8(a) shows the structure of the MPC framework designed to
minimize the electrical energy consumption of the building HVAC
system equipped with the MicroCSP. At each time step At, the optimi-
zation problem is solved over the prediction horizon N. Eq. (23) defines
the objective function while Eq. (24) lists the constraints. The optimized
variables are the supply air temperature (.7 4), the HTF mass flow rate
from the TES (r,;), and the slack variables (&, €) used to guarantee the
existence of a feasible solution. The inputs to the MPC optimizer are
solar irradiation and weather forecasts. The comfort temperature
bounds are set based on ANSI/ASHRAE Standard 55-2013.

= Vleasured temperature
22~ = =Estimated temperature ]

Room air temperature (°C)

Tue Wed Thu
Time (Weekdays)

Fig. 7. Building thermal model validation result showing estimated and mea-
sured room temperature.
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Fig. 8. Schematic diagram of the designed MPC framework for building HVAC
energy and cost minimization.

PGrid,t-At
i
min Ie,t - Z PORC,D At +p0

Mges,-7 4, €
fes € par

mi
+
Im

) 1 (23)

Subject to the following constraints:

Tivksrye = ATige + BT 3 + Edigge (24a)
Tke = Clivkie (24b)
Porc,t+kit = J (Fgesyy 1, (240)
Qcog.r+kit = & (ties, 1) (24d)
t+k+1|t
[Q.SOLH.;(; - QTESH;”} At
SOCEEI;S;’W = SOC[T;E]{LT[ + - Crs (24e)
Soc{®s = soclEs (24D
SOCTES  SOCES 1 < SOC™ (24g)
0 < Mg gy < Mmar (24h)
T < T < Tiwne (24i)
Tl = €evrte € T < Tonie + e (24)
Errklts Evkye = 0 (24k)

The state-space Egs. (24a) and (24b) capture the thermodynamics of
the building; Egs. (24c) and (24d) include the ORC model; the SOC of
the TES is estimated in Eq. (24e); Eq. (24f) presents the charge sus-
taining constraints of the TES; Eq. (24g) defines the upper and lower
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bounds of the TES SOC set to 95% and 5%, respectively; Eq. (24h) is the
maximum HTF mass flow rate (11,4, dictated by the ORC manufacturer
[48]; Eq. (24i) shows the constraints on the supply air temperature that
represents the constraint on the control input; Eq. (24j) defines the
comfort temperature bounds of the thermal zone temperature and in-
cludes the slack variables; finally, Eq. (24k) presents the slack variables
constraints.

The structure of the designed MPC framework for optimal energy
control of the building HVAC system equipped with the PV system is
depicted in Fig. 8(b). For building HVAC energy consumption mini-
mization, the objective function and the corresponding constraints are
defined in Eq. (25) and Eq. (26), respectively.

PGrid,i-At
i
min B Ie'[ - Z PSZB.[- At +po| | € + | €
Psop,.7 5 e =0
1 1 (25)

The optimization problem is subject to the constraints listed bellow:

Tkt = ATk + BT 3k + Edige (26a)
Tk = Clivkie (26b)
t+k+1|t
Z (P PViyk — Pszzm]m

SOCEES, = SOCEE, +

Vb1 CoEs (26¢)
SocPEs = socBEs (26d)
SOCPEs < SOCEES, ||, < SOCPPs (26e)
0 < Ppy g S fchg (SOCPES, Toymp) (26f)
0 < Poapyyyr < Siseng (SOCPES, Tomp) (26g)
TR < T8 € Teakie (26h)
Tlone = Eoiie < Toige S Thonge + Evne (261)
Erskies Eakye = 0 (26j)

The building thermodynamics are captured by the state-space Egs.
(26a) and (26b); Eq. (26c¢) estimates the SOC of the BES; the BES charge
sustaining constraints are presented in Eq. (26d); Eq. (26e) is used to
reduce losses and aging of battery [52] by defining the upper and lower
bounds of the BES SOC set to 70% and 30%, respectively, as suggested
by the BES manufacturer; Egs. (26f) and (26g) represent the charge and
discharge rate limitations derived from the performance maps of the
battery packs as functions of the SOC and the temperature of the bat-
tery; Eq. (26h) includes the constraint on the supply air temperature
which is the control input; Eq. (26i) is used to keep the temperature of
the thermal zone within the comfort temperature bounds while in-
cluding the slack variables; Eq. (26j) shows the constraint on the slack
variables.

4.2. Cost optimization

The objective function in Eq. (27) is used for energy cost mini-
mization of the building HVAC system with MicroCSP. The building
power consumption in the objective function is multiplied by locational
marginal pricing (LMP) of electricity. The LMP data is provided by the
Midcontinent Independent System Operator (MISO) at most 24 h in
advance [53]. The optimization problem is solved for the following
objective function subject to the same constraints listed in Eq. (24).
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Fig. 9. Ambient air temperature (Ty;) and Direct Normal Irradiance (DNI)
measurements from March 18, 2016, in Houghton, MI.

PGrid,¢-At
i
min Ie,t - Z PORC,£~ At

titges, 7S, &, € -0

QT +p] || + |e

1 1
(27)

where, QT is the LMP.
For the PV based system the objective function considered for the
optimization problem is

PGrid,t-At

) QT +p| |e| + |e

Ps2B, 7S, e

If
min Igyt - Z PSZB,t~ At
t=0

1 1

(28)

Subject to the same constraints listed in Eq. (26).

5. Control results

MATLAB® software was used to implement the building, PTC, PV
panels, BES, TES, and ORC models. YALMIP Toolbox [54] was used in
MATLAB® for the optimization problem formulation and providing an
interface with the solver. IPOPT [55] and Gurobi [56] were used as
solvers, and the optimization problem was run in a computer with
Intel® Core™{7-7500 CPU @ 2.90 GHz and 16.0 GB RAM.

The prediction horizon is N =48, and the time step is At = 30
minutes. It is worth mentioning that the one-day ahead prediction
constraint is dictated by the availability of the forecast data which is
only available for the next 24 h. 72 thermal zones are considered for the
building simulation. The simulations are performed using weather data
from March 18, 2016, in Houghton, MI, USA, as shown in Fig. 9.

5.1. Optimal HVAC control

In this section, the MPC control results of the building HVAC
without MicroCSP integration are presented. This section is included as
the base case scenario for comparing its results with those of MicroCSP
integration. The MPC framework formulation is similar to the objective
function in the Eq. (23) but without the ORC power generation. The
constraints are same as those in Eq. (24) excluding Egs. (24c-h) re-
presenting the models and constraints appertaining to the ORC and the
TES. The formulation of the optimization problem for optimal HVAC
control is detailed in our previous work [49].

Fig. 10 depicts the temperature profiles of the supply air and a
sample thermal zone, and the HVAC system power consumption. As
seen in Fig. 10(a), the temperature of the thermal zone stays inside the
comfort temperature bounds. Since the supply air temperature is the
only control variable, the MPC minimizes the building HVAC energy
consumption by keeping the thermal zone temperature at the lower
comfort bound. HP receives power from the grid to increase the supply
air temperature. Since HP are the only heat sources and only HVAC
consumption is considered, the power supplied by the grid has a similar
profile to the supply air temperature as shown in Fig. 10(b).

The temperature profiles of the supply air and a sample thermal
zone, and the power consumed by the HP with respect to LMP are
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shown in Fig. 11. Fig. 11(a) shows that the MPC is increasing the
thermal zone temperature without violating the comfort temperature
bounds at periods where the LMP is low by supplying the maximum
amount of heat from the HP, hence minimizing the cost of the HVAC
system. Fig. 11(b) depicts the grid power supplied to the HP with re-
spect to the LMP. In this case, the daily energy cost is 17$ compared to
37.8% in the case of energy optimization.

5.2. Building predictive control with MicroCSP

Fig. 12(a) shows the temperature profiles of the supply air and a
sample thermal zone within the comfort temperature bounds. From
midnight to 6 AM, when the building is not occupied, the thermal zone
temperature is allowed to fall down without violating the comfort
bounds. Then, during the building occupancy, the HP supplies the
minimum amount of heat to ensure that the thermal zone temperature
stays at the lower comfort bound. Fig. 12(b) shows the heat produced in
the PTC solar array, and the heat dispatched from the TES to the ORC.
At the beginning and the end of the building occupancy, there is not
enough heat production from the PTC solar array, hence the MPC uses
the HP to supply the required heat to the thermal zone. When the TES is
filled with enough quantity of heated HTF from the PTC solar array, the
MPC runs the ORC to provide cogeneration heat to the building
(Fig. 12(c)). Fig. 12(d) shows the power supplied from the power grid
and from the ORC to the building. The MPC controls the PTC solar array
production through the TES, regulating the input heat of the ORC to
operate at its maximum efficiency and provide cogeneration heat to
keep the thermal zone at the lower comfort bound. This causes the SOC
of the TES to vary, as shown in Fig. 12(e).

The MPC results for minimizing HVAC operational cost are shown in
Fig. 13. Fig. 13(a) shows the temperature profiles of the supply air and a
sample thermal zone within the comfort temperature bounds. It can be
seen that from midnight to 4 AM when the building is not occupied, the
HP are turned off as the thermal zone temperature is within the comfort
temperature bounds. Then, at 4:30 AM when the LMP is low, the MPC is
preheating the room to guarantee that the thermal zone temperature
does not fall below the lower comfort bound. During the building oc-
cupancy, the MPC tries to maintain the thermal zone temperature close
to the lower comfort bound to avoid spending unnecessary energy.
Fig. 13(b) shows the thermal power generated by the PTC solar array
and the TES thermal power supplied to the ORC. As shown in Fig. 13(c),
the MPC turns on the HP around 4:30 PM to preheat the thermal zone
when the LMP is low. Then, when the PTC solar array starts producing
enough heat, the HP supplies heat to the thermal zone using cogen-
eration heat from the ORC and switch to the HP only when the LMP is
low again (3 PM). Fig. 13(d) depicts the grid power consumed by the
HP as a response to the LMP variations. The TES stores the extra heat
generated by the PTC solar array that is not used by the ORC so that it
can be utilized later, at the end of the day when the solar irradiation is
not enough to produce heat in the PTC solar array. The variation of the
SOC of the TES is shown in Fig. 13e) and confirms that all the solar
energy is used; thus, the initial and final SOCs are the same.

5.3. Rule-based control with MicroCSP

The most commonly used controllers for building HVAC systems are
the rule-based controllers (RBC) due to their simplicity and easy im-
plementation. To guarantee thermal comfort, the RBC checks the
thermal zone temperature at each time step. When the thermal zone
temperature is outside the comfort temperature bounds, the RBC
switches on the heating or cooling elements for the time step period At
until it is again within the comfort temperature bounds. Here, the RBC
results are explained since they provide a baseline to compare with
MPC results for the MicroCSP system to assess the impact of the pre-
dictive model-based control strategy on saving HVAC energy or cost.

Fig. 14 depicts the RBC results for MicroCSP integration into the
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Fig. 11. MPC results with minimal HVAC energy cost for a sample thermal zone
in the building without MicroCSP integration.

building. As it can be seen in Fig. 14(a), when the thermal zone tem-
perature violates the comfort temperature bounds at 7 AM and 9 PM,
the RBC turns on the HP to increase the thermal zone temperature and
bring it within the comfort temperature bounds. Starting from 8 AM,
the MicroCSP uses the maximum amount of thermal energy cumulated
in the TES from the PTC solar array (Fig. 14(b)). From Fig. 14(c), it can
be seen that the HP operates only when the comfort temperature
bounds are violated while the ORC heat production supplies heat to the
thermal zone as long as it is available, keeping its temperature within
the comfort temperature bounds. Fig. 14(d) depicts the power supplied
to the HP by the grid and the LMP. Since the solar energy production is
directly injected into the ORC without any dispatch, the SOC does not
vary much, as it is shown in Fig. 14(e).

The building occupancy coincides with the sunlight period; hence,
the thermal zones are heated using cogeneration heat from the
MicroCSP keeping their temperature inside the comfort bounds.
However, when the MicroCSP is off, the thermal zone temperature falls
down until it violates the comfort temperature bounds only then the
RBC turns on the HP to bring back the thermal zone temperature inside
the comfort temperature bounds which leads to high energy con-
sumption. Since this violation occurs in periods when LMP is high
(Fig. 14) it leads to higher costs as well. The predictive capability of the
MPC anticipate these temperature violations and turn on the HP to

10
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Fig. 12. MPC results for energy minimization with MicroCSP integrated into the
building HVAC system.

preheat the thermal zone when the MicroCSP is off (Fig. 12) or when
the LMP is low (Fig. 13).

Table 3 presents the energy consumption and energy cost saving by
integrating the MicroCSP into the building HVAC system using RBC
compared to MPC. The savings are calculated by reference to MPC
based control of the HVAC system without MicroCSP integration.

The integration of MicroCSP into the building HVAC system reduces
the energy consumption by about 39% while the cost of electricity in-
creases by about 27% with RBC compared to the building HVAC system
without MicroCSP integration using MPC. However, by designing an
MPC framework for the control of the MicroCSP integrated into the
building HVAC system, the energy and cost savings increase to 61% and
62%, respectively. This shows the importance of the MPC framework to
exploit the full potential of the MicroCSP thermal and electrical pro-
duction when integrated into the building HVAC system.

5.4. Building predictive control with PV

Fig. 15(a) shows the temperature profiles of the supply air and a
sample thermal zone within the comfort temperature bounds. When the
building is not occupied from midnight to 6 AM, the controller allows
the thermal zone temperature to fall down without violating the com-
fort temperature bounds. Then, during the building occupancy, the HP
supplies the minimum amount of heat to ensure that the thermal zone
temperature stays at the lower comfort bound. Note that the tempera-
ture profiles are similar to those of the MicroCSP system. This can be
explained by the fact that both TES and BES are sized to store the excess
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Fig. 13. MPC results for cost minimization with MicroCSP integrated into the
building HVAC system.

heat/power that remains after supplying the minimum heat required by
the building. This avoids unnecessary increase in the thermal zone
temperature. Fig. 15(b) shows the power produced by the PV solar
array. Since all the PV solar array production is meant to be consumed
by the HP and there are no price incentives, the controller is feeding all
the power available from the PV solar array to the HP through the BES
(Fig. 15(c)). Hence, as it can be seen from Fig. 15(d), the grid supplies
power to the building only to compensate the PV solar array produc-
tion. Fig. 15(e) shows the SOC of the BES, confirming all solar gener-
ated electrical energy is consumed by the end of the day (i.e.,
SOCPES = SOCEES),

The results of minimizing HVAC operational cost are shown in
Fig. 16. Fig. 16(a) depicts the temperature profiles of the supply air and
a sample thermal zone within the comfort temperature bounds. Notice
that, before 4 AM, the MPC turns off the HP letting the temperature of
thermal zone fall down inside the comfort temperature bounds since the
building is not occupied. Then, the MPC preheats the thermal zone
before the beginning of the occupancy period (i.e., 7 AM to 8 PM), by
turning on the HP when the LMP is low. During the building occupancy,
the MPC first let the thermal zone temperature fall within the comfort
temperature bounds then supplies the minimum amount of heat to keep
it at the lower comfort bound until the LMP becomes low (i.e., 2 PM to
4 PM). Next, it heats the thermal zone at low LMP such that the thermal
zone temperature stays within the comfort temperature bounds until
the end of the day. Fig. 16(b) shows the power produced by the PV solar
array. Arbitrage can be observed in Fig. 16(c) due to price incentives
since the MPC shifts the PV solar array production to the periods where
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Fig. 14. RBC results with MicroCSP integrated into the building HVAC system.

Table 3
Electrical energy consumption and cost comparison for showing the importance
of integrating MicroCSP also the significance of using MPC control.

System Control  Energy Energy Electricity ~ Cost
Type Consumption  Saving*  Cost Saving*
[kWh/day ] [% ] [$/day ] [%]
HVAC MPC 341.2 - 16.9 -
HVAC + MicroCSP  RBC 208.7 38.8% 21.5 —27.2%
HVAC + MicroCSP  MPC 130.3 61.8% 6.4 62.1%

*Calculated by reference to MPC based control of the HVAC system without
MicroCSP integration.

the LMP is high. Hence, as shown in Fig. 16(d), the grid supplies power
to the building only when the LMP is low. Fig. 16(e) shows the MPC
uses the maximum allowed battery capacity (i.e., SOCPS = 70%) and
ensures that the initial and final SOC remain the same.

5.5. MicroCSP and PV comparison

Table 4 provides the energy consumption and energy cost saving by
utilizing MicroCSP integrated into the building HVAC system compared
to those in the PV integration. The savings are calculated by reference
to MPC based control of the building HVAC system without MicroCSP
integration.

The integration of MicroCSP into the building HVAC system pro-
vides 61.8% energy savings and 62.1% cost saving compared to the
building HVAC system without MicroCSP integration, using MPC
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Fig. 15. MPC results for energy minimization with PV integrated into the building
HVAC system.

framework. On the other hand, the PV integration into the building
HVAC system ensured 53.8% and 65.8% energy saving and cost saving
respectively, compared to the building HVAC system without MicroCSP
integration, using MPC framework.

It can be seen that the PV integration provides around 3% more cost
savings compared to the MicroCSP. However, when it comes to energy
saving, the MicroCSP provides 8% more energy saving than that of the
PV. This is due to the fact that the ORC is more efficient when it op-
erates at its full capacity which makes it less flexible and responsive to
the price variations in the case of cost minimization but more efficient
when it comes to supplying steady energy production as in the case of
energy minimization. The results of this study show that PV can be
more practical for areas with variable electricity price due to the flex-
ibility and high dispatchability of PV using BES, while MicroCSP is
more suitable for areas with fixed electricity price since it offers both
electricity and required HVAC heat; thus MicroCSP provides higher
total required energy leading to higher energy saving.

5.6. Storage capacity effects

This section investigates into the effect of the size of TES and BES on
the results of MicroCSP and PV integration into the building HVAC
system in terms of energy consumption and cost.

Fig. 17(a) shows that TES size has more effect on the cost saving
than the energy saving. The energy saving reaches its maximum value
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Fig. 16. MPC results for cost minimization with PV integrated into the building
HVAC system.

with a 38 kWh capacity TES and using a bigger TES does not lead to
more energy saving. Indeed, for the actual penetration rate and without
price incentives, the MicroCSP energy production does not need to be
substantially dispatched as it can be consumed almost instantly by the
building during the occupancy period. Still, minimum storage is re-
quired to guarantee that the ORC of the MicroCSP system is supplied
with the nominal thermal power to operate at its maximum efficiency.
On the other hand, increasing the TES capacity lowers the energy cost
since it improves the system flexibility in terms of dispachability, so
that MicroCSP production can supply the building at periods of high
LMP as it is shown in Fig. 13. The energy cost saving reaches its max-
imum value starting from 114 kWh capacity.

In Fig. 17(b), a more remarkable observation should be pointed out
in the case of energy consumption optimization with a PV system. In
fact, the integration of storage, in this case, has led to an unexpected
decrease in energy saving. Indeed, since the sunlight period coincides
with the occupancy period where energy is required by the building and
without price incentives, the PV solar array production can be injected
directly to the system without the need to be stored and recovered later.
This means that adding a BES system will not increase the energy
saving. However, as we can see in Fig. 17(b), the integration of BES
comes with the cost of adding an extra battery inverter that increases
the conversion losses of the solar power which explains the higher
energy saving when there is no BES system (the efficiency of the battery
inverter is 96%, leading to almost 5% energy loss compared to the case
when no BES is used.). For cost minimization, BES can help in per-
forming arbitrage by dispatching the solar energy according to LMP as
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Table 4
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Electrical energy consumption and cost comparison among three different building HVAC systems.

System Energy Consumption [kWh/day Energy Saving* [%] Electricity Cost [$/day] Cost Saving* [%]
HVAC 341.2 - 16.9 -
HVAC + MicroCSP 130.3 61.8% 6.4 62.1%
HVAC + PV 157.7 53.8% 5.8 65.8%

*Calculated by reference to MPC based control of the HVAC system without solar energy integration.
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Fig. 17. Effects of storage capacity for the building HVAC daily energy con-
sumption and daily electricity cost.

we can see in Fig. 16. The energy cost saving is significantly increased
by increasing the BES capacity to 56 kWh. Above the capacity of
56 kWh, the slope of the energy cost saving becomes less significant and
the cost saving reaches its maximum value starting from 168 kWh ca-
pacity. In this paper, optimum capacities of 95 kWh and 84 kWh for TES
and BES were selected respectively since they provide over 98% of the
maximum energy and cost savings.

5.7. Monte Carlo simulations

The MPC results can be subject to interpretation since they do not
consider prediction uncertainty in LMP, solar irradiation, and variations
in weather conditions. Hence, to demonstrate the performance of the
designed MPC framework in the presence of variations and prediction
uncertainties, a probabilistic Monte-Carlo analysis is carried out.

Reference [57] defines the accuracy of the temperature prediction
as the percentage of forecasts within three degrees of Fahrenheit. Ac-
cording to reference [57] the accuracy of the temperature prediction is
around 70% for the location of the testbed. Several parameters affect
the forecast of solar irradiation which can be categorized into de-
terministic parameters (i.e., geographic coordinate, season, time of the
day, etc.) and probabilistic parameters (i.e., weather, cloudiness, etc.).
Authors in [58] have reported several techniques to forecast LMP with a
mean absolute percent error (MAPE) ranging from 0.9% to 1.5%. Re-
ference [59] presents a technique for forecasting solar irradiation with
a MAPE of 9.1% for sunny days and 26.7% for cloudy days.

In this study, the Monte-Carlo analysis is performed by introducing
additive uncertainty with a normal distribution to simulate random
variations of the weather conditions, the solar irradiation, and the LMP
using the results from [57-59]. The Monte-Carlo simulation results,
depicted in Fig. 18-20, show the validity of the proposed methods with
the presence of variations and prediction uncertainties.

Fig. 18(a) and (b) depict the probability distribution of the energy
saving and cost saving, respectively, by applying MPC and utilizing
MicroCSP compared to HVAC control without MicroCSP integration
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Fig. 18. Monte-Carlo MicroCSP simulation results showing the probability of the
building HVAC energy and cost saving by applying MPC and utilizing
MicroCSP, compared to HVAC control without MicroCSP using MPC frame-
work.

using MPC framework. It is shown that the probability of at least 61%
energy saving and 62% cost saving are 70% and 50%, respectively.
Furthermore, Fig. 18 shows that in the worst case, the energy saving
will drop to 59%, while the cost saving will drop to 60%.

Fig. 19(a) and (b) depict the probability distribution of the energy
and cost savings of the building HVAC integrating MicroCSP by ap-
plying MPC, compared to using RBC. It can be seen that the probability
of achieving at least 37% energy saving is around 60%, while the
probability of at least 70% cost saving is 50%. Furthermore, it is shown
that the energy saving will always be above 33% and the cost saving
will always be above 68% in the worst case. This shows the significance
of using MPC versus RBC for optimal operation of integrated HVAC and
MicroCSP system.

The probability distribution of the energy saving and cost saving, by
applying MPC and utilizing PV compared to HVAC control without
MicroCSP integration using MPC framework, are shown in Fig. 20(a) and
(b), respectively. The probability of at least 53% energy saving and 65%
cost saving are over 70%, and at the worst case scenario, the energy saving
will drop to 51%, while the cost saving will drop to 64%. By comparing
Figs. 18 and 20, one can see the maximum energy saving by MicroCSP is
9% higher than that of the PV system, while the maximum cost saving by
the PV system is 4% higher than that of the MicroCSP system.
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6. Summary and conclusion

This paper presented a real-time model predictive control frame-

work to minimize the energy consumption and operational cost of the
building HVAC system with integrated MicroCSP. The proposed
MicroCSP integration is compared, in terms of performance, to the
conventional PV panel based system. In addition, a new control-or-
iented mathematical model of a MicroCSP system is derived. All
MicroCSP and HVAC submodels were experimentally validated
[34-36,43,49,50]. The key findings of this work are listed below:

Controller design effect: MPC vs. RBC

The control results show that the design of an MPC framework for
the MicroCSP integrated into the building HVAC system leads to a
37% energy saving compared to the conventional RBC. In other
words, by understanding MicroCSP and HVAC dynamics, one can
significantly reduce the energy consumption of the HVAC system.
Furthermore, the designed MPC framework provides 70% reduction
of the energy cost compared to the RBC. This shows that the MPC
framework has more benefits when dealing with dynamic electricity
prices due to its capability to optimize HVAC and MicroCSP energy
flows by knowing the upcoming electricity price changes and acting
accordingly.

Solar energy integration effect: MicroCSP vs. PV

Integrating MicroCSP into the building HVAC system provides 62%
energy saving versus 54% in the case of integrating PV, compared to
the building HVAC system without solar energy integration, when
MPC is utilized in all cases. However, when integrated into the
building HVAC, the PV leads to more cost saving by providing 66%
cost saving against 62% with MicroCSP integration, compared to the
HVAC system without MicroCSP integration. Overall, MicroCSP
provides more total energy (thermal + electrical) saving, while the
PV combined with a BES system provides more flexible electrical
energy for cost saving using arbitrage, compared to the MicroCSP
system.

Energy storage sizing effect

Proper energy storage sizing is essential to optimize the electrical
cost and the energy consumption of the building HVAC system.
Indeed, adding a TES system to the MicroCSP increases the energy
saving by almost 4% and the cost saving by almost 10%. The in-
tegration of a BES system with the PV panels increases the cost
saving by 8% while it decreases the energy saving by 2% due to the
losses induced by the charging inverter. These numbers are only
applicable to the conditions studied in this paper and can change
when LMP profile or outdoor weather conditions change. Overall,
the capacity of TES and BES need to be chosen carefully to avoid
unnecessary oversizing since after reaching the optimal capacity,
the cost and energy savings do not change any more even if the
capacity is increased.

Prediction uncertainty and seasonal variation effects

Monte Carlo analysis results show that, by utilizing MicroCSP and
applying MPC, the HVAC energy saving ranges from 34% to 42%
while the HVAC cost saving varies between 68% and 72% even in
the presence of variations and prediction uncertainty, compared to
using RBC. In addition, Monte Carlo simulations show that the en-
ergy saving and cost saving are within + 5.5% and + 4%, respectively
for both MicroCSP and PV integration into the building HVAC
system, compared to the HVAC system without a solar energy
system.



M. Toub, et al.

A comprehensive economic study need to be carried out to address
the financial aspects of integrating a MicroCSP into the building HVAC
system. However, the concentration of this study is on the technical
aspects. Our future work will include a more detailed study to perform
an exergy analysis of the system and conduct a proper economical as-
sessment of the MicroCSP system for building applications.
Furthermore, the MPC controllers will be experimentally implemented
and real-time demonstrations will be performed on the real testbed.
Moreover, future works will also include building-to-grid integration
with MicroCSP to design an optimization framework for demand-side
response programs.
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