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Least-cost model predictive control of residential
energy resources when applyipgcHP

Michiel Houwing, Rudy R. Negenborn, Petra W. Heijnen, Bart 8hutter, and Hans Hellendoorn

Abstract—With an increasing use of distributed energy re-
sources and intelligence in the electricity infrastructure, the
possibilities for minimizing costs of household energy con-
sumption increase. Technology is moving toward a situation
in which households manage their own energy generation and
consumption, possibly in cooperation with each other. As a first
step, in this paper a decentralized controller based on model
predictive control is proposed. For an individual household using
a micro combined heat and power ((CHP) plant in combination
with heat and electricity storages the controller determines what
the actions are that minimize the operational costs of fulfilling
residential electricity and heat requirements subject to opera-
tional constraints. Simulation studies illustrate the performance

chance of pervading the electricity infrastructure in thtufe
(e.g. [2], [3]). Also, several electricity storage tectogiks are
under development (e.g. lithium-ion batteries, plug-irbiiy
electric vehicles [4]). Furthermore, demand side managéme
options are foreseen for the future power system [5]. Dsiver
for DG are the environmental benefits (renewable energy
sources, efficient use of fossil fuels), reduced investmisks,

fuel diversification and energy autonomy, and increasecggne
efficiency (less line losses, cogeneration options). Dsifer
DERs are the generation and sale of electric energy based on
DERs on several markets (economic drivers) and the provi-

of the proposed control scheme, which is substantially more cost sjon of balancing and ancillary services to network opegato

effective compared with a control approach that does not inclue
predictions on the system it controls.

Index Terms—Distributed energy resources, distributed gener-
ation, model predictive control, uCHP

I. INTRODUCTION

A. Electricity Infrastructure with Distributed Energy Re-
sources

(technical drivers).

With an increase in DERs combined with more ICT and
intelligence in the electricity infrastructure, the opt#o for
consumers with respect to energy demand fulfillment inereas
The increased system complexity due to DER application is
described in detail in [1], [6]. This paper specifically feses
on residential DERs (micro level). Households with DERs
operate more independently of energy suppliers, they can

ISTRIBUTED energy resources (DERs), comprising disievise new contractual arrangements with suppliers and/or
tributed power generators, electricity storages, and loagdtwork managers, they can buy and sell power among each
management options, can play a crucial role in supportirgher, and to and from their supplier. In that way smartergrow
the European Union’s key policy objectives of market litberasystems arise in which households become so-called power
ization, combating climate change, increasing the amofint ‘prosumers’.
electricity generated from renewable sources, and enh@nci |n this paper we consider the situation in which a household
energy saving. Large-scale diffusion of DERs will have aprgyas the capability of generating its own power witu&HP

found impact on electricity infrastructure functioning:will

unit. The household can store heat and electricity and eale tr

bring radical changes to the traditional model of genemati@lectricity with an external energy supplier. Here we do not
and supply as well as to the business model of the eneigynsider demand side management schemes. The household

industry [1].

has full control over its DERs and there is no interaction

A wide body of literature states that distributed generatiawith other households regarding electricity trade. Thistom

(DG) of electricity, e.g. via photo-voltaics, wind turbmeor
micro combined heat and power planisGHP), has a good
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strategy can therefore be characterizedlecentralized [7].

B. Model Predictive Control

In [8] several decentralized control strategies are deesdri
and simulation results with these strategies shown. Here we
propose a more sophisticated local household controller in
terms of cost minimization. The controller has the task to
automatically determine which actions should be taken in
order to minimize the operational costs of fulfilling regideal
electricity and heat requirements subject to operatiooal ¢
straints. The controller usesnaodel predictive control (MPC)
strategy such that it can:

« take into account the decision freedom due to heat and
electricity storage possibilities;
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Fig. 1. Model predictive control scheme [9].

} i
MPC controller ; v € | Eecticity
— : A A > consumption
LIEM  optimization : 9 %
actions ) : HUCHP S|
-t . . : (9000 =000g 0= 0000 .| "
o objective, o !
QU Drediction [ constraints fy1 | conversion1 | i
PR o | e-storage
o (Stirling) .
| S
I

i
Lo i A/
« incorporate predictions on residential electricity andthe | : f2: _ " h he
. :'21 | conversion 2 I 2 h-storage Heat
demands; g (aux.burmer) [ 1~ © > h ™ = | consumption
« incorporate models of the dynamics and constraints o :_ : S
installed generators and storages. [ T T T T
MPC [9] is based on solving at each control step anhousehold — power flow system boundary
optimization problem over a prediction horizon subject to = heat flow
system dynamics, an objective function, and constraints on = natural gas flow
states, actions, and outputs, see Fig. 1. At each contrpl ste
the optimization yields a sequence of actions optimizing Fig. 2. Conceptual overview of the system under study.

expected system behavior over the horizon. Actions (cbntro

inputs) are implemented by the system until the next control

step, after which the procedure is repeated with new systé@s (2) and provides additional healty). Heat consumption

measurements. MPC is successful mainly due to its expli€fc) is taken from the heat storage. Electricity can be stored

way of handling constraints, its possibility to operatehwit in @ battery &) (e.g. lithium-ion). Electricity can flow to

out intervention for long periods, and its built-in robusss and from the battery, represented in Fig. 2 by) (and

properties. Due to the prediction horizon it can take beneffo) respectively. Locally generated electricity can be used

of knowledge it may have over the future, e.g. forecastétirectly by the householde), it can be stored or it can be

energy demand based on historical data of energy consump#®!d to the supplier &,;). Electricity can also be imported

patterns. In this paper the focus is on daily operationatscodrom the supplier iex). The supplier thus sells primary fuel

pertaining to residential energy usage when adopting MPC (ih= f1+ f2) for fueling thep/CHP unit as well as additionally

DER deployment. required import electricity for households. The suppliey®
This paper is organized as follows. In Section Il we descrig#ly electricity that is produced by households in excess of

the system under study and give salient modeling assunsptioff€ir own consumption.

Section[ 1l also shows the developed mathematical syst . .

model. Section Il gives the control objective and formediz A Modeling Assumptions

the control problem. Section IV illustrates the performmoé  This section gives the most important assumptions made in

the proposed controller through simulation studies. 8agdl modeling the system.

finally gives conclusions and suggestions for further study « Different configurations of @ CHP unit can be thought of

in relation to its balance of plant equipment (i.e. heat-stor

age, piping, pumps, heat exchangers). We envisage one

The system under study consists of a household interacting large heat storage from which all heat can be extracted

Il. SYSTEM DESCRIPTION

with its energy supplier (environment), as depicted in Rig. (see [10]). So we consider aggregated space heating and
Among the household and its energy supplier energy flows are hot sanitation water needs.
present as shown. « Produced heat cannot be dumped; all heat should be used.

Households fulfill their electricity and heat consumption « In [11] an efficiency value of 105% for space heating
requirements through several alternative energy suppty an purposes is mentioned. All efficiency values are based

consumption means. ThgCHP unit is based on Stirling on fuel Lower Heating Value (LHV). Current heating
technology, see e.g. [3]. The unit consists of a Stirlingieag efficiencies for sanitation water are 75 % and future values
prime mover, conversion 1, and an auxiliary burner, conears (2015) are predicted to be 89 %. In [12] an average natural
2, which can provide additional thermal power. The Stiring gas consumption (2004) of 1736%ns given (1300 for
engine converts natural ga$;) into electricity @) and heat heating, 300 for hot water, and the rest for cooking). For

(h1). The heat is supplied to the heat storage in the form the total efficiency of a (futurepCHP unit we therefore
of hot water bs). The auxiliary burner also converts natural  assume a value of: (13/16)105% + (3/16)- 85% =



101.25%. For the Stirling engine, part load and full load operation is
« The uCHP unit comprises a Stirling engine and amodeled by
auxiliary burner. The WhisperG&nand the Microgefi HP
UCHP systems are taken as a basis for our model [13], k= Ve - frpantXak- (fLmax— fLpar) 2)
[14]. The modeled system has a full load power output Xk <V 3)
(g) of 1.1 kWe. Part-load capacity is assumed at 0.55 kWghere x, | is a binary variable deciding whether the Stirling
The auxiliary burner capacity is assumed to lie betweeepngine will operate at full or part load.
0 and 20kWth. The electric efficiencies of current state- 1 auxiliary burner operation is modeled by
of-the-art Stirling engines lay around 15 % [11].
« Stirling engines have a warm-up and cool-down time Ve famin < fak SV famax - (4)
of around three minutes [15]. Our simulation time Step The electricity and heat stored should be between the
represents 15 minute periods. We therefore neglect thesgimum and maximum values:
warm-up and cool-down periods.
« Stirling engines cannot be subjected to too many start/stop €s,min < €sk =< €smax (5)
cycles as this limits the engine’s lifetime. A minimum hs min < €k < hs max - (6)
up-time of half an hour and a minimum down-time of

15 minutes are therefore assumed for the Stirling engineThe electricity flows to and from the battery are limited by

[15]. So,min < Sok < So,max (7)
- Water temperatu_re in the heat storage should lie between Sumin < Sk < Simax - (8)
60 and 80 °C. With these temperatures the energy content ) ) ' .
limits of the heat storage can be calculated. Lithium-ion batteries can be fully charged and discharged

« There are no thermal losses in the conversion and stordger times per hour [17]. Therefor® max= Smax = € max=
systems. Combustion in theCHP unit and in conven- 2KWh (per time step). _ _
tional high efficiency boilers is complete. The_ constraint that forces. t_he prime mover to stay in

« The hot water storage has a volume of 100 liters. THPeration u.ntll at least the minimum up-time (2 time steps)
maximum electricity storage capacity is 2 kWh. is reached is:

« The Stirling engine gets priority over the auxiliary burner vehe > uSkaP forn=0,...,typ— 1. (9)
in heating the water. ’

« Natural gas consists purely of methane.

« Parasitic load from balance of plant equipment (compre@y:

The variablesv and u have to be linked. This is modeled

sors, pumps, etc.) is neglected. yCHP_\CHP _  [CHP | CHP (10)
K . . . . k k—1 up,k downk
« There are no capacity constraints in the physical electric-
. . VAUX _yaux _ aux _aux (11)
ity network between the supplier and the household. k k—1 = Uupk — Udownk
Ugme +Udpie <1 (12)

B. Mathematical System Model Formulation

CHP CHP 1
A substantial part of our mathematical model is based on Hownte+ Uounc < & (13)
[16]. Our model differs from the one in [16], however, in that
we consider thetCHP unit as a combination of a prime mover hsk1 = Nsk+ (Mtot — Ne) - frk+ Neot - fok—hepk ,  (14)
and an auxiliary burner. Further, we incorporate eledirici )
storage and we also consider varying electricity importgsi Were hix = (Mot — Ne) - fik, h2k = Meot - fax and Nt is
Analogous to [16] we first define the following binarythe tqta}l efflClency. of theuCHP gmt. The electricity in the
variables.vcHP and V2 indicate whether theuCHP prime electricity storage is modeled by
mover and auxiliary burner are in operation at time interval Eskt+1 =65k +Sk— Sok - (15)
k. The binary variablesigh?, u§gii. Wik, Uowni are start-
up and shut-down indicator for theCHP prime mover and 1. MPC FORMULATION
auxiliary burner at time interve. The objective of the MPC controller is to minimize the
An electricity balance relating the power output of conveyajly operational costs of residential energy use. Thestsco
sion unit 1, the input and output of the electricity storathe, depend on the pricp for gas consumption, the priqe ey for
electricity consumption, and electricity bought or soldthe jmporting electricity and the pricge ex at which electricity
aggregator, has to hold. This power balance is given by: can pe sold. The cost function for control st&pwith a

prediction horizon oiN is therefore defined as

The heat in the heat storage is modeled by:

Ne- f1,k'|‘iext.,k‘i‘so,k_(':‘ext,k_s,k_ec,k:O ’ (1) N—1
=S ((f fa o) Pt +ioxtiem- B
where gk = e~ f1x and ne is the electric efficiency of the ) mZO(( Lerm+ Taicrm) - Prt-lexicem: Prexticem (16)

Stirling engine. —€extk+m* De,ext) .
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The prediction horizon considered by the MPC controller
consists of subintervaley, m=0,...,N—1. The length of
one prediction step is defined as 15 minutes.

The control problem model the controller uses is similar to
the system model as mathematically described in Section Il 3
(i.e. the controller uses perfect model). The mixed-integer,
linear programming, problem to be solved by the controller
at each time stefx involves minimizing [(16) subject to the
equality and inequality constraints (1)—{15) over the mmtéoh
horizonN.

We define an additional constraint for the controller such

minutes]
o

heat demand [kWh/1

that Fh_e Stirling engine gets priority over the auxili_ary_rhmrin O T 19 25 Bl 37 43 29 55 61 67 73 79 85 oL 97 103100
providing heat to the heat storage. This constraint is neztlel @
by:

A <yt form=0,...,N-1. (17)

At eachk the controller uses initial system measurements ir
making its control decision. The problem is classified asdin
because all relations (1)—(17) are linear and as mixed énteg
because the problem involves real and binary variables. Th
MPC controller determines values for the following control
inputs for each prediction stepi kim, VK, faxim iexticrm,
€extk+m. FOr eachk the control inputs of the first prediction
step are sent to the system. The minimization process i
repeated fok+ 1, k+2, ... until the end of the simulation.

electricity demand [kWh/15 minutes]

S S S S S R S R
1 7 13 19 25 31 37 43 49 55 61 67 73 79 85 91 97 103 109
IV. SIMULATION RESULTS 21 and part of 22 january 2006 (15 minute periods)

A. Smulation Input (b)

This section describes further input data for the simulid- 3. Energy demand data for average Dutch household (a & hea
tions, besides parameters already given in Sections Il Bhd FIeCtr'c'tY)'

Residential electricity and aggregated heat demand psofile
have been created with 2006 data from ‘EnergieNed’, the o26- ]
Dutch Federation of Energy Companies. Heat profiles haw
a resolution of one hour and electricity profiles of 15 misute
We have chosen a winter day for the simulations. [Fig. 3 show
the energy demand profiles used.

We also show data for a part of 22 January as the decisio
made by the controller at control st&p= 96 should incorpo-
rate data for the prediction horizon relative to that timepst

The variable electricity import price has been constructec
as follows. The Dutch central bureau of statistics stateda t
electricity tariff for small consumers for 2006 of 1&MWh 042 b
[18] (household class: single tariff, 3000 kwh). The varéabl
part of the total tariff (including energy and VAT taxes)
is around 90% of the total tariff [19], so this becomes Fig. 4. Electricity import price.
0.1746€/kWh. The variable supply part of the total tariff
accounts for 32% of the total tariff [19]. For this variable
supply part we have substituted Dutch power exchange valu@s % of the gas tariff is variable (including taxes). Thisdea
We took Amsterdam Power Exchange data for 21 and 22 a value of 0.5023&/n?.

January. In this way we devised an import price as shownBecause power exchange prices are known a day in advance,

0.24- B
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21 and part of 22 january 2006 (15 minute periods)

in Fig.[4. the electricity import pricepj extk+m, IS also known to the
For the value of the feed-back tariff we have taken averagentroller on forehand. As a first step we have taken the
‘EnergieNed’ data for 2006, which gives 0.0681kWh. predicted residential heat and electricity demand for iptish

In [18] a total gas tariff for small consumers of 5821000 horizonN with which the MPC controller works as being equal
m? is given (for consumer class: 200F)nAccording to [19], to the actual demand in that horizon.



The starting values for the simulation of the system are, for ~ *[T——

k - 1 181 o f1 7
16f ]

HP__ .aux__ ,CHP__  CHP _ ,aux __ ,aux _
V<1: - Vzil = Ugp1 = Udown1 = Uup1 = Udown1 = 0, 14k 1

€1 = (Esmin+t €smay/2 =1 kWh
hs1 = (hsmin+hsmay/2=m-c-AT =
100-4.18- (70— 20) = 20900 kJ= 5.81 kWh.
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V. RESULTS

We have implemented the mathematical simulation model
in Maple™. We have simulated the MPC controller and the —————
resulting system outcomes per time skefpr a full day period, 03
for various prediction lengths betwe&h= 1 andN = 15. For
a specific value olN, the optimization solver gave different
results for repeated simulation runs (around 6 runs Ngr
showing that the solver finds local minima in the solution
space. The results given here are the ones resulting in tt
lowest daily costs.

The results folN = 1 are not very interesting to depict. The
resulting daily operational energy costs as defined in (i€) a
4.085€ for N = 1. The results shown in Fig. 5 are for= 3.
The daily operational energy costs are then 4663 0

The distinction between part load and full load operation of
the Stirling engine {1) can be clearly seen.

For N = 10 the daily costs are 3.98. In Fig.[6 the results
for N =15 are shown.

For N = 15 the daily energy costs are 389 which is
a 4.8% reduction as compared with = 1. For N = 15
the electricity imports are 0 during the peak import price
period betweerk = 69,...,80. This effect is not observed
for N = 3. What is interesting to see, is that flr= 15 the
MPC controller fills the electricity storage before the peak 2
import price period so that the household can profit from the g
relatively lower price before that peak period leading twdo
daily energy costs. FoN = 3 this behavior is not observed.

This shows that model predictive control, anticipatingufet RV I /.
Change, can result in better SyStem Outcomes. 1 5 9 1317 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85 89 93 97
(©)
Fig. 5. Simulation results for January 218t—= 3 (a = gas supply tuCHP

We have proposed a model predictive control (MPC) strairime mover €;) and auxiliary burner ), b = energy level in electricity
egy to be employed by households to control residentialggnetorage. ¢ = electricity import and export).
resources to minimize operational costs of energy use. Aanic
combined heat and powemnCHP) unit based on Stirling prime
mover technology provides heat to the households and simsiieps was the highest value used for this paper. The predicti
taneously generates electricity for use in the househofdror time step could then be of a larger time resolution (e.g. one
export to the external grid. Results of the MPC controllerena hour) than the simulation time step.
been discussed, and it has been shown that MPC gives bettdn this paper we have not observed significant anticipative
outcomes in terms of daily energy costs when a substanti@havior by theuCHP unit (which could then be observed
prediction horizon is adopted by the MPC controller. in the heat storage energy level), as importing electrigsty

Interesting options for further study include the follogin always cheaper for a household than making it from gas via

A longer prediction horizon than 15 steps could be rehe uCHP. Also the feed-back tariff was fixed and too low to
searched. Due to computation time limitations, a horizoh%f outweigh the costs of self-generated electricity via tieHP.
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VI. CONCLUSIONS ANDFURTHER STUDY
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Fig. 6. Simulation results foN = 15 (same sequence hs= 3).
[12]
[13]
[14]
Variable electricity export prices (equal to the variabtgort 1]
price) are expected to lead to more anticipative behavithef

UCHP unit conversion units. With theCHP unit anticipating [16]
future electricity export prices, the total system can prep
itself as such for taking as much advantage of higher export
prices as possible. [17]
The import price could be taken fixed and results research
A simulation with a Stirling engine operating only at full[19]
load could be undertaken.

Other uCHP technologies (e.g. fuel cells, internal combus-

: tion engines, microturbines) could be modeled as well.
Different seasonal days could be researched besides the
] winter day taken in this paper.

Predictions on residential energy demand which differ from
actual values (made with a forecast model) could be experi-
mented with.

The operational cost savings could be placed in more
comprehensive cost benefit analysisigEHP systems to see
if variable cost savings outweigh additional investmerdtso

Distributed control, in which multiple households can &ad
power amongst themselves, is also an interesting furtlegr st
in which model predictive control could be used.

REFERENCES

M. Houwing, A. N. Ajah, P. M. Herder, and |. Bouwmans, “Adsing
Uncertainties in the Design and Operation of Residentiadtributed
Energy Resources: Case study of a Micro-CHP System,” Prowgedf
the 10th Conference on Process Integration, Modelling gptih@sation
for Energy Saving and Pollution Reduction, ISCHIA Island,liGof
Naples, 2007.

N. Jenkins, R. Allan, P. Crossley, D. Kirschen, and Gb&¢t; Embedded
Generation, vol. 31. London, UK: The Institution of Electrical Engi-
neers, 2000.

M. Pehnt, M. Cames, C. Fischer, B. Praetorius, L. Schnei#te
Schumacher, and J. VolMicro Cogeneration: Towards Decentralized
Energy Systems. Berlin: Springer, 2006.

E. Lysen, S. Van Egmond, and S. Hagedoorn, “Opslag vartratikit:
Status en toekomstperspectief voor Nederland (in Dutch)fedht
Centrum voor Energieonderzoek - SenterNovem NEO 026850610
002, September 7, 2006.

S. D. Braithwait, “Real-Time Pricing and Demand Respons& @/ork
within Limits,” in Natural Gas & Electricity, vol. 21, 2005.

M. Houwing, P. W. Heijnen, and |. Bouwmans, “Socio-TeataliCom-
plexity in Energy Infrastructures- Conceptual FrameworkStady the
Impact of Domestic Level Energy Generation, Storage and Eggia
Proceeding of the IEEE International Conference on Systéfas, and
Cybernetics, Taipei, Taiwan, 2006.

R. R. Negenborn, B. De Schutter, and H. Hellendoorn, ‘fdabent
Model Predictive Control of Transportation Networks,” Beedings
of the 2006 IEEE International Conference on Networkingnsieg,
and Control (ICNSC 2006, http://www.ieeeicnsc.org), Faulerdale,
Florida, USA, 2006.

M. Houwing and I. Bouwmans, “Agent-Based Modeling of Ressitial
Energy Generation with Micro-CHP,” Proceedings of the 2ntéina-
tional Conference on Integration of Renewable and Disteib.Energy
Resources, Napa, CA, USA, 2006.

J. M. Maciejowski, Predictive Control with Constraints. Harlow, Eng-
land: Prentice Hall, 2002.

http://lwww.gledhill.net, “Gledhill water storage -KJ- website”, 2006.
A. De Jong, E. J. Bakker, J. Dam, and H. Van Wolferen, “Testh
energie- en CO2-besparingspotentieel van micro-wkk in Nadé
(2010-2030) (in Dutch),” Werkgroep Decentraal, onderdeel Platform
Nieuw Gas, juli, 2006.

http://www.milieucentraal.nl, “Dutch environmentalebsite”, 2007.
“Microgen Energy Limited: Indicative Product Specifiica”, 2006.
WhisperTech, “WhisperGen user manual - Model PPS24-ACWhis-
per Tech Limited, Christchurch, New Zealand, 2002.

JW. Turkstra, “Personal Communication with the Gasunie, Ereging
& Technology Laboratory in Groningen, The Netherland”, 02007.
E. Handschin, F. Neise, H. Neumann, and R. Schultz, ‘{@aitiOp-
eration of Dispersed Generation under Uncertainty usinghbtaatical
Programming,” Proceedings of the 15th Power Systems Computatio
Conference (PSCC), &ge, Belgium, 2005.

F. Nieuwenhout, “Personal Communication at the EnergweRech
Centre of the Netherlands (ECN)”, 2006.

] http://www.cbs.nl, “Dutch Central Bureau of Statisti(CBS)”, 2007.

http://www.energie.nl, “Official informative websitef the Energy re-
search Centre of the Netherlands (ECN)”, 2007.


http://www.ieeeicnsc.org
http://www.gledhill.net
http://www.milieucentraal.nl
http://www.cbs.nl
http://www.energie.nl

