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Energy Efficient Refrigeration and Flexible Power

Consumption in a Smart Grid
Tobias Gybel Hovgaard, Rasmus Halvgaard, Lars F. S. LansénJehn Bagterp Jgrgensen

Abstract

Refrigeration and heating systems consume substantialusisicof energy worldwide.
However, due to the thermal capacity there is a potentialstoring “coldness” or heat
in the system. This feature allows for implementation ofedtént load shifting and shedding
strategies in order to optimize the operation energywise, viithout compromising the
original cooling and indoor climate quality. In this work iresestigate the potential of such
a strategy and its ability to significantly lower the costatetl to operating systems such
as supermarket refrigeration and heat pumps for residdrdigses. With modern Economic
Model Predictive Control (MPC) methods we make use of weditrecasts and predictions
of varying electricity prices to apply more load to the syst@hen the thermodynamic cycle
is most efficient, and to consume larger shares of the al@gtvhen the demand and thereby
the prices are low. The ability to adjust power consumptiocoading to the demands on the
power grid is a highly wanted feature in a future Smart Griflicient utilization of greater
amounts of renewable energy calls for solutions to contrelgower consumption such that
it increases when an energy surplus is available and desedsen there is a shortage. This
should happen almost instantly to accommodate internig@ergy sources as e.g. wind
turbines. We expect our power management solution to resyd#ems with thermal storage
capabilities suitable for flexible power consumption. Tlygr@gation of several units will
contribute significantly to the shedding of total electsiciemand. Using small case studies
we demonstrate the potential for utilizing daily variataio deliver a power efficient cooling
or heating and for the implementation of Virtual Power Pdaint Smart Grid scenarios.

1 Introduction

The energy policies in the Nordic countries stipulate th@%5of the energy consumed
by 2025 should come from renewable and f&fe@e energy sources. By 2050 the Nordic
countries should be independent of fossil fuels. This fansation of the energy system
is needed to reduce GCemissions and global warming as well as to protect the Nordic
economies from the consequences of sharply rising pricésssfl fuels due to an increasing
world population and depletion of fossil fuel resources [l obtain an increasing amount of
electricity from intermittent energy sources such as satat wind, we must not only control
the production of electricity but also the consumption @fc#iicity in an efficient, agile and
proactive manner. In contrast to the current rather cemédlpower generation system, the
future electricity grid is going to be a network of a very langumber of independent power
generators. The Smart Grid is the future intelligent eleityr grid and is intended to be the
smart electrical infrastructure required to increase theunt of green energy significantly.
The Danish transmission system operator (TSO) has thenoitpdefinition of Smart Grids
which we adopt in this work: "Intelligent electrical systerthat can integrate the behavior
and actions of all connected users - those who produce, tiwb®econsume and those
who do both - in order to provide a sustainable, economicél rafiable electricity supply
efficiently” [2]. In this paper we utilize the flexibility oftte refrigeration system to offer
ancillary demand response to the power grid as regulatingpdifferent means of utilizing
demand response have been investigated in an increasingenapublications e.g. [3]-[6]
for plug-in electrical vehicles and heat pumps and in gdreenacerning price elasticity in [7].

In this paper we consider two utilizations of a vapor comgi@s cycle. One for supermarket
refrigeration and one for heating residential buildingshgsheat pumps. Buildings account
for approximately 40% of the total energy use in the Nordicrtdes and in Denmark
around 4500 supermarkets consume more than 550 GWh annAalljreat pumps are
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driven by electricity and connected to house floors withdattgermal capacities, they have
a large potential to shift the electricity consumption amié@ to the stochastic electricity
production from wind turbines. The same holds for refrigierasystems where the thermal
capacity in the refrigerated goods can be used to storerieskl and thereby shift the load
in time while keeping the temperatures within certain bainthese bounds are chosen
such that they have no impact on food quality and indoor comféve exploit that the
dynamics of the temperature in the cold room and residebti#gdiings are rather slow while
the power consumption can be changed rapidly.

Simple weather conditions such as outdoor temperature alad madiation are included
in our simulation models. By including forecasts of pricesl aveather conditions energy
consumption is made flexible. It is thus possible to preditiere to place the energy
consumption and minimize the electricity cost of operatihg systems without violating
the constraints such as indoor temperature comfort interaad food storage conditions.
The thermal capacities determine how much of the elegtricdnsumption that can be
shifted to times with cheap electricity. We investigatefat#nt scenarios spanning from a
case study with total collaboration between producers amdumers to decoupling through
price signals from the NordPool electricity spot marketiliklhg load shifting capabilities
to reduce total energy consumption has also been described). [8], [9].

Our proposed control strategy is an economic optimizing ehqufedictive controller,
Economic MPC. Predictive control for constrained systemms émerged during the last 30
years as one of the most successful methodologies for daftiodustrial processes [10]
and is increasingly being considered for both refrigeratimd power systems control [11],
[12]. MPC based on optimizing economic objectives has oabently emerged as a general
methodology with efficient numerical implementations amovpble stability properties [13].

This paper is organized as follows. In section 2 we discufferdnt control architectures
for enabling flexible consumption from many distributedtsrin a Smart Grid. Section 3
describes the models used in our case studies as well asrthaléion of our Economic
MPC strategy. In section 4 the simulations and results foeetlcases are illustrated. The
first two cases demonstrate direct control and price sigasédh control with rather simple
models while the third case uses more advanced nonlineaelmedrified with data from
real supermarkets and a combination of price and frequeasgdcontrol. In section 5 means
for handling uncertainties in the framework of our propostadtegy are presented. We give
conclusions in 6.

2 Control Architectures for Virtual Power Plants

A way of creating flexibility in the power grid is Virtual Powdlants (VPP). The concept
pools several, otherwise too small, production and consiompunits, such as multiple
smaller power plants, wind turbines and heat pumps, and rifek@ behave as one unit.
The VPP concept enables a huge amount of possibilities fai lmalancing since it allows
active control of the consumer [14].

In this paper we consider individual thermal storage unitshsas refrigeration systems and
houses with heat pumps that are to be aggregated in the VRReVirark (see Fig. 1). The
control within the aggregated units can rely on differemateigies. The following control
strategies have been suggested for load balancing and hifidgsin electrical grids [15].

1) Direct control. In this case producers and consumers are assumed to catialom a
common goal of minimizing the total cost of operation. Githat the communication
infrastructure required for sending control signals to ¢besumers to raise or reduce
the demand is established, the producers are allowed a ni@et dontrol of the
demand. Furthermore, it allows the controller in the consuta be quite simple as it
only sends information and receives commands from the VR®.dFawback of course
is that the VPP must solve large-scale optimization problém coordinate a large
number of units. The result might not be optimal for the consualone and the VPP
decides the consumption schedule entirely.
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Fig. 1. Sketch illustrating a Virtual Power Plant (VPP).

2) Price based control. The individual units compute a schedule for the consumptio
based on dynamic price information given by the VPP. Thisb&sathe consumer
to shift its load to times with low electricity price. It remjes a communication
infrastructure between VPP and heat pump/supermarkeemgstThe drawback of
this control strategy is that it is relatively complex ancittthe VPP does not have
any control of the actual load response but merely sends guideline in the form
of price signals. How to calculate optimal price signalstib an open research issue.
In this paper we use the electricity spot price to illustratieh a signal.

3) Frequency based control. The consumer measures the grid frequency, which in Europe
has the nominal value of 50 Hz. When demand exceeds supplyrafeency falls.
When supply exceeds demand, the frequency increases. Onefweyng frequency
activation to change demand is demonstrated for residefiigdges in [16]. The
advantage of this type of control is the low price of the colr, because no
communication is necessary. However the consumer does awat &ny economical
incentives to do this unless the enabling of flexible condionpcan make the fridge
less expensive to buy. Another possibility of frequencyvatibn is to sign a contract
where each player participates with a power amount (MW) §igeladn an hourly basis.
The consumer is paid for being at the disposal of the grid (IMW) regardless of
the actual activation. Activation is automatic and lingdrequency dependent in the
range 50 Hz+ 200 mHz.

The authors have previously demonstrated some of thestegs in suitable scenarios
[17]-[19]. Results and comparisons are provided in thisepap

Note that the two consumers studied in this paper both adteamtl storage to the VPP and
the consumed electric energy can not be retrieved as eleatgrgy again. It can only be
consumed at the right times. On the contrary electric vekidlre in reality electric batteries
able to store electricity when connected to the grid and bas be used as both a consumer
and a producer to the grid.

3 Models and Economic MPC formulation

3.1 Supermarket Refrigeration Systems

The supermarket refrigeration systems we consider utdixapor compression cycle where
a refrigerant is circulated in a closed loop consisting ofoanpressor, an expansion valve
and two heat exchangers, an evaporator in the cold storage and a condenser/gas cooler
located in the surroundings. When the refrigerant evaperiatabsorbs heat from the cold
reservoir which is rejected to the hot reservoir. The setigkietched in Fig. 2 with one
cold storage room and one frost room connected to the sy&isoally several cold storage
rooms, e.g. display cases, are connected to a common cauprask and condensing unit.

The dynamics in the cold room can be described by the simmeggrbalance:

dTer A : it Qload = (UA)ambfcr ) (Tan‘b —Tcr)
Pt Qioad — Qe , Wwith: { Qe = (UAer e (Ter —To) Q)

whereUA is the heat transfer coefficient ama and cp are the mass and the specific heat
capacity of the refrigerated goods, respectivalyw, is the temperature of the ambient air
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Fig. 2. Schematic layout of basic refrigeration system.

which puts the heat load on the refrigeration system. Thestand control variables of the
system are limited by the following constraints:

Termin < Ter < Termax (2a)
0< T —Te< o (2b)
0< Qe < (UA)gr—emax - (Tor — Te) (2c)

The work done by the compressor dominates the power congnmptthe system and can
be expressed by the mass flow of refrigerant{) and the change in energy content of the
refrigerant. Energy content is described by enthalpy ofrtiggerant at the inlet and at the
outlet of the compressohi¢ andhgc respectively). Hereby the expression in Eq. (3) is given.

et - (hoc(Te, Pe) — hic(Te))

= , 3
nls(Pc/Pe)

where the enthalpies depend on the evaporation tempel@tdréne condensing pressure as

stated. The mass flow can be determined as the ratio betwedingceapacity and change
of enthalpy over the evaporator:

We

Qe
= 4
hoe(Te) - hie(Pc) ( )
All the enthalpies given here as functions af,(P;) or both are non-linear refrigerant
dependent functions which can be calculated e.g. by thevaddtpackage "RefEqns” [20].

Myef

For the studies in section 4.1 we have assumed that the work adothe compressor is
directly proportional with the delivered cooling capacithile we in section 4.3 use the real
non-linear description of\; described in [21] where polynomials are fitted for the erphal
differences. For the latter we have furthermore collectathdrom several supermarkets in
real operation in Denmark. From these data typical parametech as time constants, heat
loads, temperature ranges and capacities in both indivitisplay cases and for the overall
system have been estimated. The running compressor gapagé been monitored and from
the data sheets the relation to energy consumption has beed.f

3.2 Building with Heat Pump
Heat dynamics of a building

In this section, we develop a model of the heat dynamics of ssédloor heating system
connected to a geothermal heat pump. The system is illadtriat Fig. 3. The model is
based on the energy balances for the air in the room, the flodrttze water in the floor
heating pipes and condenser water tank. The house is coaditiebe one big room with the
following simplifying assumptions: 1) One uniform air teevpture, 2) no ventilation, 3) no
influence from humidity of the air, 4) no influence from the hiedleased from people in the
room, 5) no influence from wind. In our model two heat accutim¢pmedia are included
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Fig. 3. House and heat pump floor heating system and its themopégies. The dashed line represents the floor
heating pipes that has heat conductivityA),s and contains water with heat capaoc@y,y.

with heat capacitie€,r andCp ¢, to capture the short-term and long-term variations of the
room air and floor heat dynamics [22]. The resulting enerdgrizzes are

Cp,r-_i-r =Qfr —Qra+(1-p)es ()
Cp.tTr = Quwr —Qfr +P®& (6)

The disturbances influencing the room air and floor tempesalu and T, are the ambient
temperatureT,, and the solar radiationgg, through a window with fractiorp of the incident

radiation on the floor. The energy balance for the water tatmg in the floor heating pipes
can be stated as

Cp.,w-i—w = Qc - wa (7)

in which Q. is the heat transferred to the water from the condenser ifmdla¢ pump Qs
is the heat transferred from the water to the floor. The cotiMutieat transfer rates are

Qra= (UA)ra(Tr —Ta)7 Qfr = (UA)fr(Tf —Tr)a Qws = (UA)Wf (Tw—Tf) (8)

Qra is the heat transferred from the air in the room to the suwmlings, Qs is the heat
transferred from the floor to the air in the room, aQg: is the heat transferred from the
water in the floor heating pipes to the floor. The té&yrA is a product of the heat conductivity
and the surface area of the layer between two heat exchangiap. Its reciprocal value
R=1/(UA) is often used since it can be interpreted as a resistancasadegat flow.

Heat Pump

A heat pump is a device that transfers heat from a low temperatone to a higher
temperature zone using mechanical work. Heat pumps norrdedlw heat from the air or
from the ground and uses a vapor compression refrigeraticie.cThis cycle is also used in
the supermarket refrigeration system studied in sectitnlIB.order to take advantage of the
heat produced in the cycle instead of the cooling, the coseteand evaporator functions are
switched such that the condenser is inside the house. Asethegump dynamics is much
faster than the thermodynamics of the building, we can assarstatic model for the heat
pump. The amount of heat transferred from the condenseetavétter,Qqy, is related to the
work of the compressok\;, using the coefficient of performance

Qcw = NWe 9

The coefficient of performance for heat pumps varies with type, outdoor ground tempera-
ture, and the condenser temperature. As these two tempesatte approximately constant,
we can assume that the coefficient of performance is alsaamns

3.3 Economic Optimizing MPC

Our systems are influenced by a number of disturbances tmateapredicted to some
degree of certainty over a time horizon into the future. Bhesust to be handled by the
controller that also has to obey certain constraints forsigems while minimizing the cost
of operation. Thus, we find it reasonable to aim at formutptior controller as an economic



optimizing MPC problem. Whereas the cost function in MPC itradally penalizes a

deviation from a set-point our proposed economic MPC diyectflects the actual costs
of operating the plant. This formulation is tractable fofrigeration and heating systems
where we are interested in keeping the outputs (tempegtwithin certain ranges while
minimizing the cost of doing so.

The models described in the previous sections are conviertibetir discrete-time state space
formulations using zero-order-hold sampling of the inpghals

Xkr1 = AXy + Buy + Edy (10a)

Yk = Cx + Duy + Fdy (10b)

definingx as the states, the manipulable variablalisturbancesl and outputsy. Using this
model to predict the future outputs, we may formulate a limgagram that minimizes the

electricity cost for operating the system while keeping td@peratures within prespecified
intervals

min o=3 Cyu¥ic+ Gyl + By Vi (11a)
st. Xkr1 = AXg + Buy + Edy ke Vv (11b)
Yk = Cxx + Dug + Fdy ke (11c)
Umin < Uk < Umax ke At (11d)
Aumin < Auk < AUmax ket (11e)
Ymin < Yk + Vk ke # (1121)
Ymax = Yk — Vi ket (119g)
vk >0 ke # (11h)

A €{0,1,...,N} andN is the prediction horizon. The electricity prices enter tptimiza-
tion problem as the cost coefficiertgx. The output cost on temperature is zerg, = 0. It
may not always be possible to meet the temperature demaedefohe, the MPC problem is
relaxed by introduction of a slack variablgand the associated penalty cpgt The penalties
can be set sufficiently large, such that the output condtraire met whenever possible. The
Economic MPC also contains bound constraints and rateesement constraints on the
control variables. The prediction horizaN, is normally selected large to avoid discrepancies
between open-loop and closed -loop profiles. At each samplme, we solve the linear
program (11) to obtaln{uk} . We implementuj on the process. As new information
becomes available at the next sampling time, we redo theepsoof solving the linear
program using a movmg horizon and implementing the flrst pgy, of the solution. The
electricity prices{cux}h-g, as well as the disturbance@}R—, must be forecasted. In this
paper, we assume that the forecasts are perfect.

4 Results and Discussions
4.1 Direct Control of Cold Room

The Economic MPC has been implemented in Matlab and sinoulsitare presented in this
section [17]. We have included two conventional power gatoes and one large cooling
house (or an aggregation of several supermarkets). Dicetttat, i.e. total collaboration and
communication between power producers and consumersusass The production by the
power generatorsys i + Y2k, must exceed the demand for power by the cooling house and
the demand from the external signal

Yik+tY2k>Yak+Tk ke (12)

We model farms of wind turbines as instantaneously changiysjems and include the
effect of their power production together with all non-aofiable power consumers in the
exogenous net power demand signgl,

Fig. 4 visualizes a simulation. In this scenario, the powamdnd from all other consumers
than the cold room increases slowly, then stays at a steady &nd eventually drops
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(a) P.G. #1 and 2 show the power productions from th@) Temperature in the cold roofi; and the control
two power plants (dotted blue) and their power set-pointsignal for the refrigeration systefa. Termin @and Ter max
(solid red). C.R. #1 is power consumption in the cold roonare shown with dotted black. The ambient temperature
and "Total Power” shows total power production (dotteds assumed to be constant in this scenario.

blue) versus the reference consumption (with (solid black)

and without (solid red) the consumption for refrigeration.)

Fig. 4. Simulation of Power Generation problem with two carti@nal power generators and on cold room with
direct control.

significantly. This sudden drop could for instance be seemrasncrease in wind speed
that changes the demand to the power generators drastically

If the cold room was a non-controllable load then, intultfyéhe evaporation temperature
Te would stabilize at a level sufficient for keeping the tempan@T, just below the upper
constraint. Thus, with a constant load on the refrigerasigstem the power demantt that
should be added to the referencavould simply be a constant over the entire scenario. The
result is that a great amount of surplus electricity is poadlafter the sudden drop in demand.
However, when the cold room is considered a controllablesgorer it is able to absorb the
majority of this otherwise redundant energy, as seen in &ig-his causes the temperature
in the cold room to decrease from the upper constraint to dhvedt feasible level. Due to
the thermal capacity in the refrigerated goods this “preliog” makes it possible to entirely
shut down the cooling and thereby limit power consumptioa &ime where the production
cost has increased.

4.2 Price responsive heat pump

A building with a water based floor heating system connected geothermal heat pump
was modeled in section 3.2. Parameters for a representaiil@ding are provided in [23]
and includes values for building heat capacities and thiecaraductivities.

To illustrate the potential of the Economic MPC for contiradl heat pumps, we simulate
scenarios using hourly electricity prices from Nordpobk Nordic power exchange market
[19]. The outdoor temperaturd,, is modeled as diurnal cycles with added noise [24]. The
sun radiation disturbance; is not included in these simulations. We aim to minimize the
total electricity cost in a given period while keeping thdador temperaturely, in predefined
intervals. In the case studied, we assume that the foreaastserfect, i.e. with no uncertainty.
We use long horizond\[= 6 days = 144 hours) and assume perfect model predictions.
Fig. 5 illustrates the optimal compressor schedule and tbdigted indoor temperature for a
six day horizon. The lower plot shows the outdoor tempeeafly. The outdoor temperature
reflects a cold climate, i.e. the outdoor temperature is tathian the indoor temperature.
The middle plot shows the actual electricity prices in WestBenmark. The middle plot
also contains the computed optimal heat pump power inyygt, The upper plot shows
the predicted indoor temperature along with the predefiiree tvarying constraints. The
constraints indicate that during night time the temperatigrallowed to be lower than at
day time. The figure reveals clearly that the power conswmpi moved to periods with
low electricity prices and that the thermal capacity of tleige floor is able to store enough
energy such that the heat pump can be left off during day tifthés demonstrates that the
slow heat dynamics of the floor can be used to shift the eneoggumption to periods
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the middle figure contains the electricity spot price and thigneal schedule for the heat pump, and the lower figure
contains the ambient temperature. The compressor is on whegidtieicity spot price is low.

with low electricity prices and still maintain acceptabheldoor temperatures. Notice that the
constraints on room temperature are soft in this case.

We also conducted a simulation with constant electricifggs. In this case, the heat pump
is now turned on just to keep the indoor temperature at itetdimit. This implies that there
is no load shifting from the heat pump in this case. By compgathe case with varying
electricity price to the case with constant electricitycpriwe observe economic savings
around 33%. Using a simulation study with hard constraimghe temperature limits, the
savings by load shifting were 26%.

Using actual electricity prices and weather conditions,deenonstrated that the Economic
MPC is able to shift the electrical load to periods with lovicps. As the Nordic Electricity
spot prices reflect the amount of wind power in the system,ldhge thermal capacity of
the house floor can essentially be used to store cheap eisctiiom renewable energy
sources such as wind turbines. We also observed that theoE@oiMPC is able to shift the
load and reduce the total cost of operating a heat pump to cegttin indoor temperature
requirements.

4.3 Price and Frequency Controlled Supermarket Refrigeration

In this section we present the simulation of a realistic adenwith the supermarket
refrigeration system in a setting where predictions of telegty prices, regulating power
prices as well as outdoor temperatures exist. We have chemsampermarket refrigeration
system with three very different units attached. A shelwimit, a chest display case and a
frost room. The units have different demands to temperatareely[2;4]°C for the shelving
unit, [1;5)°C for the chest display case afd25;—15°C for the frost room. The models
are validated with running supermarkets in Denmark, Jan@@d.1. Electricity prices have
been downloaded from NordPool's hourly el-spot price foregigud of one month. The same
is done with the availability payment for regulating powAr.sinusoidal approximation is
used for a typical diurnal temperature curve.

We divide our simulations into two scenarios. One that ffiates the effect of variations in
electricity prices and temperatures and one that shows bgulating power services can be
offered. Simulations are performed over at least 24 howsthe regulating power scenario
the frequency dependent primary reserve is accounted fomblyuding the availability

payment in the cost function such that the controller is dbleeviate from the elsewise
optimal trajectory if the payment for the reserve obtaingddbing so can counteract the
increased cost. Thus, we are not showing the actual activati the reserve by frequency
deviations but merely how the system can prepare for suchcewvation and benefit from



the availability payment.

Simulation

Fig. 6 shows the simulated refrigeration system using treslipted outdoor temperature
and electricity price to optimize the cost. The amplitudettud electricity price has been
multiplied by four to better illustrate the effect. Todayetdominating part of the price paid
for electricity consist of taxes and connection fees whioh @l paid as flat rate charges
per MWh. Hence, the simulation shown with 4 times amplitudetlo@ el-spot price is

an attempt to model a situation where the tax and other feeslmrged as a percentage
of the actual el-spot price. This would result in a magnifaratinstead of a smoothening
of the market signals. In this case the cost savings amoumhdwe than 30%. If the

original electricity price is used less change in cold rommperatures can be observed
and the cost savings amount to 9%. If we are only exploiting vhriations on outdoor

temperature the economic MPC control scheme saves arourah2Pe energy consumption.
From the results illustrated in Fig. 6 we can conclude that phoposed economic MPC
scheme has a positive effect on the cost related to operétmgupermarket. Variations
in outdoor temperature are utilized to minimize power comgtion whereas exploiting

variations in electricity prices tend to increase overalvpr consumption but at a lower cost.

In Fig. 7 the effect of participating in the power balancingriet is simulated for a selected
scenario of availability payments. In this simulation thetdwor temperature is assumed
constant in order to illustrate the effect of availabilitgynents for regulation power versus
the electricity spot price as clearly as possible. This &nn reveals an additional saving
of up to 70% compared to the case where only electricity spoegs used for optimization.
Participating in the balancing power market seems to beflaéaigfor both the power system
and the supermarkets if we consider the simulation in FigAt7least at the time of the
year/day where extra capacity is available and availgbgayment is sufficiently high. A
large potential saving is found meaning that there is roondéviations from the simulated
scenario without ruining the business case of particigatiith regulating power. Furthermore
it is estimated from the simulations that a supermarket ¢tar at least 20% of its capacity
as regulating power (except at the peak load days of the .y€aryently in Denmark the
peak demand for primary reserves is around 60 MW. With anaaeesupermarket offering
about 20% of its capacity approximately 75% of the total sefed primary reserves could
be made up by supermarkets. A single supermarket is not alparticipate with sufficient
capacities to place bids on the balancing market howeveireggtion of e.g. chains of shops
would be an obvious solution.
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Fig. 6. Simulation showing how variations in outdoor tempamaiand electricity prices are exploited by utilization
of thermal storage.
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5 Handling Uncertainties

So far we have assumed perfect models and deterministidgcpogts. In this section we
illustrate what happens when introducing uncertaintiesaimore realistic scenario [25].
An optimal solution to a deterministic linear program is @bivays optimal, nor feasible,
in the stochastic case. Therefore we describe means to ehdinell uncertainties in both
forecasts and in the models of the system. We are using assms\pf the uncertainty
belonging to certain distribution functions such that thmeertain parameters are normally
Gaussian distributed. Furthermore we define the confideeeel ((probability) at which
the constraints are satisfied. The probabilistic condsaare then reformulated as their
deterministic counterparts.

First we define the system model on Finite Impulse Respon$®) (Brm:

) .
D for i=0
Yk = bk+iZOH|Uk—n Hi = {CAi—lB for i >0 (13)

whereby is a bias term generated by the estimator. Next, the stachagsimization problem
is defined as:

N
in E ! 14
min {kZOCk uk} (14a)

st.
Umin < Uk < Umax (14b)
Prob{yx >rc} >1—a, ac|0;] (14c)
k k
Yk =bk+ ) Hitki+ ) Hpidk i (14d)
ki;|k|i;D,|k|

wherer is a reference trajectorg, a disturbance, 4 a the confidence level for the constraint.

1) o ~N(G,02) 2) ri~N(rg,0?)
3) Hi~N(H;,2%) 4) Hoj~N(Hp;,%}) (15)
5) dg ~ N(d, 02)

1) and 2) are forecast uncertainties, 3) and 4) describe Imau=ertainties while 5) is
uncertainty in the disturbances.
As we have shown in [25] we are able to reformulate the prdistibi constraints as
deterministic constraints on the form

21/2|: ()PaSI :|

Prob{yx >ry} >1—a < o Ya) ) O

+ ¥k > Tk (16)
2



The constraint in Eq. (16) has the form of a second order camethe solution to the
optimization problem constrained by Eqg. (16) can be contputsing Second Order Cone
Programming (SOCP).

Simulation

Using Yalmip [26] we have simulated the scenario from sectiol but with the addition
of uncertainties. The constraints on the cold room tempegadnd on balancing supply and
demand are formulated as probability constraints and imefged with SOCP. A simulation
scenario is provided in Fig. 8. From the figure we note the denfie intervals shown
as shaded areas around each of the trajectories. The sudil dire the expected outcome
while the shaded areas are created by 10,000 simulatiohsavidom instances of the noise
descriptions. The 95% percentile was used both in the SO@Rufation and for plotting
the shaded areas. It is easily seen how the amount of badkeoff the boundaries is just
enough to account for the 95% confidence interval of the daicgy descriptions for the
system. Particular this can be seen in Fig. 8(b) where tla pobduction is above the total
consumption]T, stays within the boundaries specified ald T is satisfied. All with 95%
probability. The solution here is less optimal comparedh® @ne where we are allowed to
go strictly to the boundaries but as this solution handlesatways present uncertainties it
is crucial for real life implementation.

6 Conclusion

To enable more use of renewable energy flexible consumptiast lme established. Using
Economic Optimizing MPC schemes for systems with thermatagfe capabilities we
demonstrated both cost savings and the ability to delivecial services to the Smart
Grid. Significant savings have been revealed e.g. 33% for pie@ps and around 10% in
supermarket refrigeration. For the investigation of ratjnty power our perspective was seen
from the refrigeration system but as it was demonstratedrnb@vement in the balancing
market can be economically beneficial for the system itséifexdelivering crucial services
to the Smart Grid. Different strategies for controlling tliads are available and starting
with simplified setups we have demonstrated their abilityefficient control of a VPP
setting. The cases have been expanded with realistic soereard inclusion of prediction
and model uncertainties. The results showed how variationsutdoor temperature are
utilized to minimize power consumption whereas exploitiragiations in electricity prices
tend to increase overall power consumption but at a lowet. ddsnce, the goal is not
solely to minimize energy consumption but merely to use @naren it is available. Future
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work includes simulation of more units with realistic fossts in a VPP framework and
implementation of the methods on real supermarket coetsll

References

(1]

(2]

(3]

(4]
(5]
(6]

(7]
(8]
(9]

(20]
(11]
(12]
(13]
(14]

[15]

[16]
(17]

(18]

(19]

[20]

(21]

[22]
(23]

[24]

[25]

(26]

K. Richardson, D. Dahl-Jensen, J. EImeskov, C. Hagem, &inkigsen, J. A. Korsiyd, N. B. Kristensen,
P. E. Morthorst, J. E. Olesen, and M. Wi&teen energy - the road to a Danish energy system without fossil
fuels. Danish Commission on Climate Change Policy, 2010.

Energinet.dk, “Potential and opportunities for flexi#lectricity consumption with special focus on individual
heat pumps (in Danish),” Energinet.dk, The Danish TSO ownethé Danish Climate and Energy Ministry.,
Tech. Rep., 2011.

S. L. Andersson, A. K. Elofsson, M. D. Galus, L.6@&nsson, S. Karlsson, F. Johnsson, and G. Andersson,
“Plug-in hybrid electric vehicles as regulating power pdars: Case studies of Sweden and GermaBgergy
policy, vol. 38, no. 6, pp. 2751-2762, 2010.

H. Saele and O. S. Grande, “Demand response from househstdmers: Experiences from a pilot study in
norway,” IEEE Transactions on Smart Crid, vol. 2, no. 1, pp. 90-97, 2011.

S. Han, S. Han, and K. Sezaki, “Development of an optimaliclefto-grid aggregator for frequency
regulation,”|EEE Transactions on Smart Grid, vol. 1, no. 1, pp. 65-72, 2010.

A. Molina-Garcia, M. Kessler, J. A. Fuentes, and E. Gorhezaro, “Probabilistic characterization of
thermostatically controlled loads to model the impact of demesgponse programs/EEE Transactions
on Power Systems, vol. 26, no. 1, pp. 241-251, 2011.

D. S. Kirschen, “Demand-side view of electricity markétBpwer Systems, |EEE Transactions on, vol. 18,
no. 2, pp. 520-527, 2003.

R. Bush and G. Wolf, “Utilities load shift with thermal stage.” Transmission & Distribution World, p. 12,
2009.

F. Oldewurtel, A. Parisio, C. N. Jones, M. Morari, D. Gg#las, M. Gwerder, V. Stauch, B. Lehmann, and
K. Wirth, “Energy Efficient Building Climate Control using &hastic Model Predictive Control and Weather
Predictions,” inProc. of American Control Conference 2010, 2010, pp. 5100-5105.

S.J. Qinand T. A. Badgwell, “A survey of industrial mogekdictive control technologyControl engineering
practice, vol. 11, no. 7, pp. 733-764, 2003.

D. Sarabia, F. Capraro, L. F. S. Larsen, and C. de Pradighrid nmpc of supermarket display caseSgntrol
Engineering Practice, vol. 17, no. 4, pp. 428-441, 2008.

K. Edlund, J. D. Bendtsen, and J. B. Jgrgensen, “Hibiaat model-based predictive control of a power plant
portfolio,” Control Engineering Practice, p. accepted, 2011.

J. B. Rawlings and R. Amrit, “Optimizing Process EconomarfBrmance Using Model Predictive Control,”
Nonlinear Model Predictive Control: Towards New Challenging Applications, pp. 119-138, 2009.

K. Edlund, “Dynamic Load Balancing of a Power System Riid,” Ph.D. dissertation, The Faculty of
Engineering and Science, Automation & ControlAutomation &@€ol, 2010.

M. Stadler, W. Krause, M. Sonnenschein, and U. Vogelotidlling and evaluation of control schemes for
enhancing load shift of electricity demand for cooling degit Environmental Modelling & Software, vol. 24,
pp. 285-295, 2009.

P. Nyeng, “System Integration of Distributed EnergysBerces,” Ph.D. dissertation, DTU Electrical Engineer-
ing, 2010.

T. G. Hovgaard, K. Edlund, and J. B. Jgrgensen, “The miateof Economic MPC for Power Management,”
in 49th |EEE Conference on Decision and Control, 2010, 2010, pp. 7533-7538.

T. G. Hovgaard, L. F. S. Larsen, and J. B. Jgrgensenxitilee and Cost Efficient Power Consumption using
Economic MPC - A Supermarket Refrigeration Benchmark30th | EEE Conference on Decision and Control,
2011, 2011, p. submitted.

R. Halvgaard, N. K. Poulsen, H. Madsen, and J. B. Jggr&conomic Model Predictive Control for Climate
Control of Buildings in a Smart Energy System,” 5i0th |EEE Conference on Decision and Control, 2011,
2011, p. submitted.

M. J. Skovrup, “Thermodynamic and thermophysical praperbf refrigerants - software package in borland
delphi.” Department of Energy Engineering, Technical Ursity of Denmark, Tech. Rep., 2000.

T. G. Hovgaard, L. F. S. Larsen, M. J. Skovrup, and J. Bgdmsen, “Power Consumption in Refrigeration
Systems - Modeling for Optimization,” idth International Symposium on Advanced Control of Industrial
Processes, 2011, 2011, p. accepted.

H. Madsen and J. Holst, “Estimation of continuous-time eledor the heat dynamics of a buildingzhergy
and Buildings, vol. 22, no. 1, pp. 67-79, 1995.

K. K. Andersen, H. Madsen, and L. H. Hansen, “Modellitg theat dynamics of a building using stochastic
differential equations,Energy and Buildings, vol. 13, pp. 13-24, 2000.

F. Oldewurtel, A. Ulbig, A. Parisio, and G. AnderssorReducing Peak Electricity Demand in Building
Climate Control using Real-Time Pricing and Model Predict@entrol,” in Conference on Decision and
Control (CDC), Atlanta, GA, USA, 2010, pp. 1927-1932.

T. G. Hovgaard, L. F. S. Larsen, and J. B. Jagrgensen, dBoEconomic MPC for a Power Management
Scenario with Uncertainties,” iBOth IEEE Conference on Decision and Control, 2011, 2011, p. submitted.

J. Lofberg, “Modeling and solving uncertain optimization pretols in yalmip,”I|FAC Proceedings Volumes
(IFAC-PapersOnline), vol. 17, no. 1, 2008.



