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ABSTRACT
This paper presents a model predictive control (MPC) IAM  Incidence angle modifier (-)
framework to minimize the energy cost associated with the build- Ap Aperture area (m?)
ing heating, ventilation, and air-conditioning (HVAC) system a Heat loss coefficient (-)
integrated with a micro-scale concentrated solar power (Mi- T Temperature (K)
croCSP) system. To this end, a MicroCSP model is developed P Power (W)
and then integrated to the building model of an office building in p Density (kg/m?)
Michigan Technological University. Then, an MPC framework SOC  State of charge for TES (%)
is designed to optimize MicroCSP electrical and thermal energy C Capacity of TES (J)
Sflows for HVAC use in the building. The optimal control results 1 Rate of mass flow (kg/s)
show that the designed MPC framework reduces the HVAC en- h Enthalpy (J/kg.K)
ergy cost by 37-42% for a sample sunny day by optimally uti- Cp Specific heat at constant pressure (J/kg.K)
lizing the solar energy, compared to the HVAC system without Ar Power coefficient of the HVAC fan (W.s*/kg?)
MicroCSP with an MPC controller. The cost saving varies from COP  Coefficient of performance (-)
12% to 47% depending on seasonal weather variations. Nones Number of zones (-)
ERE  Energy recovery effectiveness (-)

NOMENCLATURE p Pressure ratio (-)
Symbols Q Locational marginal price ($/J)

6 Incidence angle (rad) a Weight factor of the optimization soft constraints (-)

6  Declination angle (rad)

@ Hourangle (rad) I. INTRODUCTION

O Rate of heat flow (W) . . .

n  Efficiency (-) The fossil fuels scarcity and the impact of greenhouse gas

(GHG) emissions on the environment are two major challenges
that the 21st-century world is confronted with. According to the
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United States Environmental Protection Agency (EPA) [1], 34%
of the total CO2 emissions in the US in 2015 was caused by
electricity generation. Commercial buildings accounted for 37%
of total electricity consumption in the US in 2017 [2]. Half of
the energy consumption in commercial buildings in the US in
2017 was caused by the heating, ventilation, and air-conditioning
(HVAC) systems [3]. Hence, the considerable amount of energy
consumption and associated CO2 emissions from HVAC systems
in commercial buildings makes them a good candidate for energy
efficiency programs.

Solar energy, as a renewable source, has a great potential in
reducing the energy consumption from non-renewable sources
like fossil fuels and reducing CO2 emissions. Solar energy can
be converted directly to electricity using photovoltaic (PV) pan-
els, or converted to thermal energy by using parabolic trough
collectors (PTC). The thermal energy from PTC can be used for
heating or used in power generators to produce electricity in a
concentrated solar power (CSP) plant. Results from a study in
reference [4] suggest that the entire yearly energy needed by all
the world’s citizens can be met by using only 0.1% of the earth’s
land space covered by solar collectors with merely 20% effi-
ciency. CSP plants have been utilized over the past four decades;
however, micro-scale concentrated solar power (MicroCSP) sys-
tems with power less than 1 MW have become more popular in
recent years [5]. One of the well-known technologies in Mi-
croCSP is the use of Organic Rankine Cycle (ORC) to convert
low-grade thermal energy into electrical energy [6]. MicroCSP
is a promising technology for use in buildings and HVAC sys-
tems, particularly for heating purposes.

The growth in electrical energy consumption and time-
varying power demand by consumers have motivated energy util-
ity companies to set variable energy cost, called the locational
marginal price (LMP), according to the daily temporal energy de-
mand and supply [7]. Therefore, an optimal reduction in energy
consumption might not translate to optimal reduction in energy
cost due to varying LMP. Hence it becomes necessary to control
the dispatch of the renewable energy in accordance with the LMP
to optimally reduce energy cost.

Solar energy, being limited to daylight hours needs to be
stored in order to be dispatched according to the building HVAC
demand and LMP. Therefore, in the MicroCSP plant in this study,
solar energy absorbed by the PTC is converted to thermal energy.
This thermal energy is stored in a thermal energy storage (TES)
so that it can be dispatched to the ORC when needed. The ORC
produces electricity and cogenerated low-grade heat. This low-
grade heat is used to preheat the fresh air coming from the En-
ergy Recovery Ventilator (ERV) and/or the recycled air from the
rooms in the building. In addition, electrical energy contribution
of the ORC reduces the electrical energy consumption from the
grid. Hence, a controller of the MicroCSP system when inte-
grated with the building HVAC system has to optimally decide
when to dispatch thermal energy from TES to ORC, using solar
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FIGURE 1. Building HVAC and MicroCSP setup in this study.

energy, and when to operate the room heat pump, using electrical
energy from the grid.

Model predictive controllers (MPC) have been success-
fully used for control of building HVAC systems [8] with heat
pumps [9], vapor compression systems [10], chillers [11], and
PV panels and batteries [12, 13]. MPC can provide real-time op-
timal solution based on the current value and future predictions
of solar irradiation, LMP, and ambient conditions while handling
constraints on TES state of charge, heat pump operating limits,
and meet comfort bounds in the building thermal zones. Hence in
this study, we develop models of the building and MicroCSP, and
design MPC to optimally control TES usage, according to the
LMP, along with the thermal energy flows from the heat pumps
to the building. MPC controls the room temperature based on the
current and future room temperature set points and solar irradia-
tion forecast.

To the best of authors’ knowledge, this paper presents the
first study undertaken for real-time MPC design to optimally re-
duce the energy cost by integration of MicroCSP into a build-
ing HVAC system. This paper presents optimization results for
showing energy cost saving potential by optimal use of a Mi-
croCSP system for building HVAC systems. The building model
and HVAC model are based on a real test setup at Michigan Tech-
nological University and the MicroCSP model is based on our
recently purchased system [14].

The building and the MicroCSP testbed is detailed in Sec-
tion II. Then, the mathematical models of the PTC, TES, ORC,
building thermal network, and the Air Handling Unit (AHU) are
explained in Section III. The optimization problem formulation
and the MPC design are described in Section IV. In Section V, the
results of the building predictive control with MPC are presented
and compared to the building HVAC control. In addition, a prob-
abilistic analysis is performed to assess the effect of prediction
uncertainties and seasonal variation in building energy cost sav-
ing using a MicroCSP system. Section VI summarizes the find-
ings from this paper and Section VII discusses the planned future
work.

Il. TEST BED

The building considered in this work is the Lakeshore Center
building at Michigan Technological University. This three-story
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TABLE 1. Specifications of the MicroCSP sub-systems in this study.

System 11:44:2:: ?::::::I{ Property Value
PTC Soltigua Area 54 m?
PTMx24 Number 2
TES Azolis* HTF Therminol VP-1
Two-tank Temperature | 140-180 °C
ORC ENOGIA Volume 5170 Liter
ENO-10LT WF R245fa

* Contractor for installing the 2 tank TES system.

office building has an area of 61,500 ft> where each room or
office has its individual heat pump for heating purposes. Each
room is considered as an individual thermal zone in the testbed
and is equipped with a thermocouple with +0.2°C accuracy. The
temperature data is recorded with 1-minute sampling time. The
heat pumps (HPs) in this study have a nominal Coefficient of
Performance (COP) of 3.2.

The details of the MicroCSP sub-systems in this study are
detailed in Table 1. In the MicroCSP, solar energy is converted
to thermal energy by the PTC (Osor) and is then stored in the
TES. This stored thermal energy (OrEs) is delivered to the ORC,
which cogenerates electrical power (Porc) and thermal power
(Qcoc), as shown in Fig. 1.

The HP is supplied with air from the AHU, as shown in
Fig. 1. When the room is unoccupied, the air from the room
is recirculated to AHU. In the AHU, air is heated by the cogen-
erated thermal power (Qcog) of the ORC when the ERV is off.
When the room is occupied, the ERV is switched on and fresh air
from outside is mixed with air from the room and this total air is
heated by the cogenerated thermal power (Ococ) of the ORC.

lll. MODELING
A. Parabolic Trough Collectors (PTC) Model

The solar field considered in this paper is composed of two
rows of PTC PTMx-24 from Soltigua [15]. A tracking system
allows the collectors to track the sun from east to west around
a horizontal north-south axis. Equation (1) shows the relation-
ship between the declination angle (6), the zenith angle (6,), the
hour angle (), and the incidence angle (6) which is the an-
gle between the solar beam and the line normal to the tracking
plane [16] (See Fig. 2).

cos(6) = \/0052(5)c052(w)—|—c052(ﬂz) (1)

The declination, zenith and the hour angles are calculated
according to the references [17, 18].

After finding the incidence angle, the solar power absorbed
(anm) by the collectors is calculated by:

Ogain = Mo X IAM x c0s(0) x A, x DNI Q)

where, DNI is the direct normal irradiation, A, is the aperture
area, 1, = 0.748 is the collectors’ optical efficiency specified by

the manufacturer [15], and /AM is the incident angle modifier
that correlates the losses related to the imperfection of the reflec-
tors.

Equation (3) is a correlation used to predict the heat loss in
the collectors [19]:

(Thtf - Tumb)
DNI

where, a = 0.64 is the heat loss coefficient given by the collectors
manufacturer [15], and T, is the ambient temperature. Assum-
ing that the heat transfer fluid (HTF) temperature is linear along
the collectors, we consider 7y, s as the average temperature of the
HTF in the collectors.

3

Oloss = a X

Thitin+ T
Thtf _ htfin Z ht f out (4)

Where, Tjy i, and Tjy; o are the HTF inlet and outlet tempera-
tures of the solar field, respectively.
Finally, the heat power produced by the solar field is

QSOL = anin - Qloss (5)

It should be noted that the mass flow rate of the HTF (v, )
is controlled to increase the HTF temperature in the solar field
by AT = 40°C (i.e., Tiy f,in = 140°C, Ty 7 our = 180°C).

The power consumption of the solar field recirculator is
given by

Py

(6

P recir = -
recir
where, T)yecir is the recirculator efficiency, Py is the power re-
quired for recirculating the HTF and is calculated by:

Py = l7'1htf~£ @)
Phtf
where py, s is the density of the HTF.

The correlation that estimates the pressure drop in the solar
field (AP) is given in the collectors’ data sheet [15]. The collector
model was validated using the experimental data provided by the
manufacturer Soltigua for the PTMx-24 [20].

B. Thermal Energy Storage (TES) Model

In this paper, the TES system stores the energy from the so-
lar field so that it can be used when there is a demand for thermal
and electrical energy by the building. In general, TES is used
to mitigate intermittent power generation and ensure reliable and
uninterrupted power supply through ORC in the event of tempo-
rary weather changes. For our study, a two-tank direct system
is considered as the TES (Fig. 1). Both tanks are modeled as a
fully-mixed cylindrical tank with a constant cross-sectional area.
The TES contains a variable quantity of the HTF and have the
capacity to store the whole volume of HTF. During charging, the
hot tank accumulates the high-temperature HTF produced by the
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FIGURE 2. Schematic of Parabolic Trough Collectors (PTC), show-
ing the incidence angle (0).
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FIGURE 3. Schematic of the Organic Rankine Cycle (ORC) in this
study.

solar field, while the cold tank sends back the low-temperature
HTF to the solar field. During discharging, the hot tank supplies
the high-temperature HTF to the power cycle which uses the HTF
thermal energy to produce electricity and low-grade heat and di-
rects the low-temperature HTF to the cold tank.

The state of charge (SOC) of the TES is calculated using the
following equation:

SOC — Osor — QrEs ®)
Cres

where, Qsoy, is the thermal power produced by the solar field,
Qrgs is the power from the TES to the ORC, and Crgy is the
capacity of the TES.

C. Organic Rankine Cycle (ORC) Model
This work uses the ORC system ENO-10LT manufactured
by ENOGIA [14]. This system is a low-temperature 10 kW ORC

module, which uses R245fa as the working fluid (WF).

The schematic of the ORC system in this study is shown in
Fig. 3. The WF enters the turbine in a vapor state at high pres-
sure and high temperature (State 1 in Fig. 3). The high pressure
fluid energy is converted to mechanical energy in turbine and
then converted to electrical energy in the power generator. Af-
ter passing the turbine blades, the WF remains at its vapor state
at a lower temperature and pressure (State 2 in Fig. 3). Then,
the WF enters the condenser where its state changes to liquid
and thereby rejecting heat through the heat exchanger (State 3 in
Fig. 3). This heat will be used to heat the fresh air coming from
the ERV and/or the recycled air from the rooms. The low tem-
perature and low pressure liquid is then compressed by a pump
(driven by a motor) to increase its pressure (State 4 in Fig. 3).
The cycle is repeated when the WF passes through the evapora-
tor and acquires heat extracted from the HTF coming from the
TES, which changes the state to vapor and increases its tempera-
ture.

Applying the First Law of Thermodynamics for the ORC as
a closed system yields:

Pyross = Ngen X titwp X (h1 — hy) (9a)

Protor = twr X (ha —h3) (9b)
Nmotor

Porc = Pgross — Protor (9¢)

Ococ = rwr X (ha — h3) (9d)

Ores = tites X Cppef X (Tovin — Tovour) (%e)

where, Py is the gross electrical power generated by the tur-
bine, P,0r0r 1S the electrical power consumed by the motor, Pogc
is the net electrical power generated by the ORC, Qcog is the co-
generation heat rate delivered by the ORC, Qrgs is the heat rate
from the HTF to the ORC evaporator, f, is the enthalpy at state x,
Ngen and Nieror are the efficiencies of the ORC turbine generator
and motor, respectively, 7. is the HTF mass flow rate from the
TES, T,y and Ty, 4, are the HTF inlet and outlet temperatures
to the ORC evaporator, respectively.
It can be shown that

Porc = f(mWFa Tltes, Cphtfs Tev,iny Tev,outa (10a)
h3, Tp; Ngen; nmotor)
Ococ = g(mWFamtew Cphtfs Tev,in; Tev,outa (10b)

h3 »Fps Tgens nmoz‘or)

where, 1}, is the pressure ratio of the ORC turbine.

The mass flow rate, rity r is kept constant in the ORC module
in this study; 7y, and T, ,, are constant design temperatures,
¢p iy is considered constant. In addition, /3 is a function of T3
and P; which are the condensation temperature and pressure, that
are kept constant by controlling the coolant mass flow rate. Ngen,
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FIGURE 4. ORC cogeneration heat production rate (Qcog). electric
power (Pogc), and combined efficiency (nogc) as a function of HTF
mass flow rate from TES (#1;¢5).

and M0, are constant for the given system. The r, is variable
according to the power needed and is fixed to a nominal value
of 3 to increase combined efficiency (nogc) in the ORC working
range. By considering all the assumption above, the combined
efficiency (norc) of the ORC in this study is calculated by:

(Porc + 255)
OrEs
where, COP is the coefficient of performance (COP) of HPs.
Thus, Pogc and Qcog are functions of 7iy,s for the ORC sys-
tem in this study. The variation of Ppgc, Ococ, and Norc as a
function of r,s is shown in Fig. 4. The mathematical model in
this work was validated against experimental data [21] from the

manufacturer and the errors for estimating Pogc and Qcog were
found to be less than 10%.

Norc = x 100 (11)

D. Building Thermal Model

The building testbed presented in section II (i.e., Lakeshore
Center at Michigan Technological University) is modeled by us-
ing the well-known RC modeling approach where heat storage
and heat transfer between adjacent zones and outdoor are mod-
eled with capacitive, resistive, and current elements. The details
of the building testbed modeling and experimental validation are
found in our previous works in [22-24].

The building HVAC energy consumption is represented by
the energy index (/) which is calculated as follows

t  Nzones

Li=Y Y (Pi+P)xn (12)
t=0 i=1

where, ¢ is time, i is the zone number, N,,,.s is the total num-
ber of building thermal zones. Since this work concentrates on
the heating mode, the power consumed by the building HVAC

Predicted
Temp
Predicted

Energy
Model

7

FIGURE 5. Schematic of the designed MPC to minimize the opera-
tional cost of the combined MicroCSP and building HVAC system.

system is the sum of the ventilation fan power (Piﬁ) and the HPs

electrical power consumption (Pi{f ). The HVAC electrical power
consumption is calculated by:

Pl =yr.(mf,)? (13a)
1} - Cpair- (T3 — TAAY)

Pl =
’ COP

(13b)

where, ¥r is power coefficient of the fan and 7] is the mass flow
rate of the supply air to each room. Equation (13b) calculates
the power consumption of the HPs as a function of the supply air
temperature (T%%), the HPs inlet temperatures (Tif}H Uy, and the
COP of the HPs. '

E. Air Handling Unit (AHU) Model

The AHU (Fig. 1) feeds preheated air to the HPs. The out-
let air from the AHU is distributed equally to all the zones and
this distributed air is inlet to the HP at each zone. The inlet air
temperature to the HP is calculated by Equation (14) for both
occupancy and non-occupancy modes.

occupancy mode,

PR - .
m;,, —m: m: [0)

it it it COG t
— T —ATERV 4

—=CO0L
TAHU _ mi, it NzonesMt Cp.air
i =
non-occupancy mode,
Ococ,
T+

N or .
Nzonesmiﬁlcp,mr

(14)

In the non-occupancy mode, the returning air from the zones
is recirculated through the ORC condenser then goes to the HPs.
In the occupancy mode, the ventilation requirement is consid-
ered according to the ANSI/ASHRAE Standard 62.1-2007 for re-
quired indoor air quality. In this work, the default occupant den-
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sity of an office space is 5 persons/100 m? and the default com-
bined outdoor air rate (i.e., required fresh air) is 8.5 L/(s.person),
using the ASHRAE standard. Hence, the returning air from the
zones is recirculated and mixed with the minimum required mass
flow rate (#i2)) of fresh air from the ERV. Then, the resulting air
goes through the ORC condenser and is heated to supply the HPs
or the zones directly. The temperature of the ERV outlet in Equa-
tion (15) is calculated using the Energy Recovery Effectiveness
(ERE) defined by ASHRAE Standard 84 and AHRI Standard
1060.

T;ERV = Lamb ¢ + ERE(T;rI - Tamb,t) as)

IV. BUILDING MODEL PREDICTIVE CONTROL

Fig. 5 depicts the structure of our designed MPC for optimal
energy cost control of the building with the MicroCSP system.
To minimize the HVAC energy cost of the building, the objec-
tive function is defined according to Equation (16) subject to the
constraints listed in Equation (17). The optimization problem is
solved at each time step 7 to find the N future values of the two
inputs, including the supply air temperature (7**) and the HTF
mass flow rate from the TES (#1.). Here, room temperature soft
constraints are used to guarantee feasibility of optimal solution at
all times. The MPC optimization model inputs are weather fore-
cast and irradiation. Room air temperature bounds and ventila-
tion requirements are set according to ANSI/ASHRAE Standard
55-2013 and ANSIVASHRAE Standard 62.1-2007, respectively.

PGrias-At

t
min  {(L; — Y Porcs-At) xQ + (€] +g1)}  (16)

Tiges, TS ,€,€ =0

Subject to the following constraints:

Tykap = ATy agy + BT, + Edy gy (17a)

T ke = CTikls (17b)

PORC,t+k|r = f(mtes,m,) (17¢)

0coG.s+kit = 8(tttes, ) (17d)

SOC k1) = SOCh + 50t ; Oresug) 21 (17e)
TES

Soc < SOCH/(‘, <Ssoc (17f)

0 < tiges,y < ritmar (17g)

TARY < T < Tvw (17h)

T3y = €kl < Tongy < Ty + Evae (171)

Ervkfer &kl 2 0 a7

Equations (17a) and (17b) represent the buildings state-space
model; (17¢) and (17d) constitute the ORC model; (17¢) includes

1500

T T T T T T 5
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i . A
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FIGURE 6. Measured Direct Normal Irradiance (DNI) and ambient
air temperature (7,,,;) as a function of time of the sample winter day in
Houghton, MI.

the TES model for calculating SOC; (17f) shows the TES lower
bound SOC and upper bound SOC set to 5% and 95%, respec-
tively; (17g) shows the ORC evaporator mass flow limit (772,,,4x)
set by the manufacturer [14]; (17h) is the supply air temperature
constraint based on HP settings; (171) is the constraint to include
desired room air temperature bound; finally, (17j) includes the
slack variables constraints.

V. CONTROL RESULTS

The building, solar field, and TES models are implemented
in MATLAB®. LMP data from Midcontinent Independent Sys-
tem Operator (MISO) [25] is used. The measured solar DNI and
the ambient temperature for a sample winter day in Houghton,
MI is considered for simulations, as shown in Fig. 6. The update
rate (or sample time) considered, for both Rule-Based Control
(RBC) and MPC was 30 minutes.

For MPC formulation, YALMIP Toolbox [26] was used in
MATLAB® which provides a symbolic syntax to interface with
the solver. The prediction horizon used was 24 hours, and the
default solver of YALMIP Toolbox [26], FMINCON was used.
With those settings, the simulation time was 120 seconds in a lap-
top computer with Intel(R) Core(TM) 17-4500 CPU @ 1.80GHz
and 8 GB RAM.

A. Rule-Based Control (RBC) of the building HVAC sys-
tem integrated with the MicroCSP system

This section presents the results of RBC of the building
HVAC system with the MicroCSP system. The RBC provides
a baseline for comparison and its rules are defined as follows:

TV T > T
7S _ Ti;i;ffz.’r” < T, <T;; AND T,-i“,]sz T
' T AT, < T < T AND TR <Tiyy
i i T/, <Tj,
(18)
If the room air temperature is above the upper limit for de-
sired air temperature of the room (Tift), then the HP is switched

off (T3 = T#Y). If the room air temperature is below the lower
limit for desired air temperature of the room (L{ ,), then the HP

is switched on to its maximum capacity (7" = T;,). If the room
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air temperature is between the upper and lower limits for desired
air temperature of the room, then to avoid chattering of HP, the
HP is switched off or switched on depending on whether the HP
was switched off or switched on at the previous time step.

Fig. 7(a) shows the air temperature of a sample room for
a sample day. As seen from the figure, the room temperature
starts at 19°C and ramps down till it reaches below the lower
temperature bound. The room temperature then violates the com-
fort temperature bounds from hour 6.30 to 7.30. This is because
the comfort temperature bounds narrow down and the supply air
temperature ramp up by the HP is limited by the maximum value
of supply air temperature. From hours 8.30 to 15.30, the ther-
mal energy from PTC (Fig. 7(b)) maintains the room tempera-
ture within the comfort bounds and here the HP is switched off.
Here, we do not have control of the TES, i.e. the power output of
the PTC becomes the power input to the ORC. After hour 15.30,
the room temperature ramps down till it reaches the lower tem-
perature bound. Once the room temperature reaches the lower
bound, the HP switches on again and ramps up the room tem-
perature to near the upper bound. Then, the room temperature
ramps down but is within the comfort bounds. The total energy
consumed from the grid is multiplied with the LMP and the total
energy cost is shown in Fig. 7 and Table 2.

B. Model Predictive Control (MPC) to minimize energy
cost of the building HVAC system

This section presents the MPC results of the building HVAC
control without the MicroCSP system. The MPC without Mi-
croCSP provides a second baseline for comparison. The MPC
framework formulation is similar to that in Equations (16) and
(17) excluding (17c), (17d), (17e), (17f), and (17g) which are re-
lated to the ORC and TES models and constraints. Details about
the optimal HVAC control and the optimization problem formu-
lation can be found in [23].

Fig. 8(a) shows the air temperature for the same room and
same day as Fig. 7. As seen from the figure, the room tempera-
ture is within the comfort temperature bounds. The only control
variable is the supply air temperature (75*). The optimizer mini-
mizes the energy cost of the building HVAC system by supplying
heat to keep the room air temperature at sections where the LMP
is lowest, as shown in Fig. 8(a). Heating supply air is done by
the heat pumps which take power from the grid (Fig. 8(b)). The
total energy cost is shown in Table 2, and shows 41.3% less cost,
compared to RBC of the building HVAC system integrated with
the MicroCSP system.

C. Model Predictive Control (MPC) to minimize energy
cost of the building HVAC system integrated with the
MicroCSP system

This section presents the MPC results of the building with
MicroCSP integration for the same number of thermal zones
studied in Sections V-A and V-B.
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FIGURE 7. RBC results with MicroCSP integration into the building.
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FIGURE 8. MPC results without MicroCSP integration into the
building.

The supply air temperature and the room air temperature for
same conditions of Fig. 7 and Fig. 8 are shown in Fig. 9(a). It
can be seen that when the building is not occupied (i.e., from
midnight to 4 AM), the heat pumps are shut down, while the
room temperature is within the bounds. Then, during the very
early morning, before the beginning of the occupancy mode and
when the LMP is low, the optimizer turns on the HP for preheat-
ing to ensure that the room temperature stays within the com-
fort temperature bounds. To minimize HVAC energy cost of the
building HVAC system, the optimizer tries to switch on the HP
only when the LMP is low. Fig. 9(b) depicts the heat produced
by the PTC, and the heat dispatched from the TES to the ORC.
When there is no MicroCSP, all the heat required is supplied by
the HP (Fig. 8). Whereas with MicroCSP, the HP supplies the re-
quired heat only during the periods when LMP is low. The TES
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is charged with heat from the PTC and runs the ORC to supply
cogenerated heat to the building when the LMP is high and/or
when the temperature falls below the lower comfort bound. The
electricity produced by the ORC is consumed by the ventilation
fans (Fig. 9(c)). Fig. 9(d) shows the grid power supplied to the
HP along with the LMP. The excess of heat produced by the solar
field and not used by the ORC is stored in the TES, causing the
SOC of the TES to increase. The stored heat is recovered later,
at the end of the day when there is not enough solar irradiation
at the solar field to produce heat, and the SOC diminishes until it
reaches its lower bound as it can be seen in Fig. 9(e).

Table 2 provides the energy cost comparison for showing the
effect of utilizing MicroCSP and design of MPC, compared to the
baseline RBC for the combined HVAC and MicroCSP system.
The RBC results show the maximum cost. While HVAC system
without a MicroCSP leads to 41.3% energy cost saving. Further-
more, the designed MPC framework with MicroCSP leads to a
63.4% energy cost saving from the baseline and a further 37.7%,
compared to MPC without MicroCSP case. The main conclusion
from this comparison is that an MPC framework needs to be de-
signed to fully take advantage of the MicroCSP thermal and elec-
trical energies for the integration into the building HVAC system.

D. Effect of varying number of zones and TES capacity
on MPC Results

The results presented so far are for a sample winter day for a
building with 48 zones and for TES capacity of 96 kW.h. In this
section, energy and energy cost savings from the case of with-
out MicroCSP integration to with MicroCSP integration into the
building are calculated by varying the number of zones of the
building and also by varying the TES capacity.

Fig. 10(a) shows that if the number of zones of the building
is increased without changing the TES capacity of the MicroCSP,
then the energy cost savings have a lesser slope than energy sav-
ings. Energy saving increases with increase in the number of
zones due to the combined action of MicroCSP and MPC (see
difference in room temperature profiles between Fig. 8(a) and
Fig. 9(a)). But the fan power of the zones (see equation (13a)),
which is on throughout the day, increases with increase in num-
ber of zones and cannot be fully satisfied by the electrical out-
put of the ORC in the periods of high LMP. This result shows
the importance of proper sizing of the MicroCSP with respect to
building zones.

TABLE 2. Electrical energy cost comparison.

Control | Energy Cost Energy Cost
System .
Type per day [$] Saving* [%]
HVAC + MicroCSP RBC 38.61 0
HVAC MPC 22.67 413
HVAC + MicroCSP | MPC 14.12 63.4

* Energy cost saving percentage is calculated by comparison with
RBC for the combined HVAC and MicroCSP system as baseline.
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FIGURE 9. MPC results with MicroCSP integration into the build-
ing.

(a) Effect of Number of HVAC Zones in the Building (TES = 96 kW.h)
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FIGURE 10. Effects of number of building HVAC zones and TES
capacity for energy and energy cost savings. The savings are calculated
by comparing MPC HVAC+MicroCSP and MPC HVAC operations.

Fig. 10(b) shows the importance of including a TES and the
importance of TES sizing to get the maximum energy cost sav-
ings. By including TES with proper sizing both energy saving
and cost saving increases by 16%, compared to not including
TES. However, the energy savings remain flat above a certain
TES capacity. But the energy spent is shifted with respect to
LMP and will lead to higher energy cost savings until TES ca-
pacity of 144 kW.h.
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E. Monte-Carlo Simulations

The results presented in Section V-C shows important sav-
ings in the HVAC energy cost of the building for the sample win-
ter day. However, prediction uncertainty and the variation across
the year in solar irradiation including the direct normal irradiance
(DNI), ambient temperature (7,,,) and LMP were not taken into
account. Hence, a probabilistic analysis using Monte-Carlo sim-
ulations is carried out to account for these uncertainties. These
Monte-Carlo simulations can show possible outcomes for the en-
ergy cost savings and how likely each outcome is to happen.

Fig. 11(a) presents the probability distribution of the energy
cost saving accounting for uncertainty prediction of solar irra-
diation, outdoor temperature, and LMP. To account for the un-
certainty, an additive uncertainty with a normal distribution is
considered and random numbers are generated for each factor
(i.e., irradiation, outdoor temperature, and LMP) using the re-
sults from [27]. The results show that the probability of at least
38% energy cost saving is around 50%. Furthermore, Fig. 11(a)
shows that in the worst case, the energy cost saving for the sam-
ple day will drop to 37%.

Fig. 11(b) presents the probability distribution of the energy
cost saving accounting for seasonal variation of solar irradiation,
outdoor temperature, and LMP. To account for the seasonal vari-
ation, the solar irradiation data and outdoor temperature data are
taken for Houghton, MI from Sept., 2014 to Apr., 2015 from the
US National Renewable Energy Lab website. [28]; for LMP the
results from [27] are used. It is shown that the probability of
at least 27.5% energy cost saving is around 50%. Furthermore,
Fig. 11(b) shows that in the worst case, the energy cost saving
for the sample day will drop to 12%.

For each Monte-Carlo Simulation, the same uncertainty
value were added to the LMP and ambient temperature for both
MPC simulations (i.e. with and without MicroCSP). One hun-
dred simulations were carried out to generate the distribution in
Fig. 11(a) and Fig. 11(b).

It should be noted that all the results in Section V are ob-
tained for a sample sunny winter day in Houghton, MI in the
United States. The energy cost saving percentages are antici-
pated to change for cloudy days and/or days with different out-
door temperatures.

VI. SUMMARY AND CONCLUSION

This paper presented the first study undertaken to design a
predictive controller to minimize energy cost for the optimal in-
tegration of a MicroCSP system into a building HVAC system.
A control-oriented model was developed for a MicroCSP system
integrated into a building HVAC system. The resulting model
was then incorporated into an MPC framework to optimally coor-
dinate thermal and electrical energy sources according to HVAC
needs in the building. The main findings from this study, for the
sample sunny winter day in Houghton, MI, include:

(a) Effect of Daily Prediction Uncertainties
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FIGURE 11. Monte-Carlo simulation results showing probability dis-
tribution of energy cost savings from the case of MPC without Mi-
croCSP integration to the case of of MPC with MicroCSP integration
into the building.

e The designed MPC framework can provide 63% energy cost
saving, compared to a heuristically designed rule-based con-
troller (RBC) for the combined HVAC and MicroCSP sys-
tems.

e The integration of MicroCSP to the building HVAC system
with an MPC controller can reduce the HVAC energy cost
by 38%, compared to the HVAC system without MicroCSP
with an MPC controller. Monte-Carlo simulation results
show that the energy cost saving varies from 37% to 42%
and from 12% to 47% by considering prediction uncertain-
ties and seasonal variations of the solar irradiation, outdoor
temperature, and LMP.

e The optimal control results show the importance of properly
sizing TES and sizing MicroCSP for a certain number of
thermal zones. Without using TES, both energy saving and
cost saving dropped by 16%.

Vil. FUTURE WORK

Future work will compare the MPC results from this work
with those by using PV panels in terms of energy and energy
cost savings. In addition, future work will include experimental
implementation of the designed MPC and evaluate the energy
cost saving potential for yearly operation of the HVAC system
with varying weather conditions.
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