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Demand Response with Micro-CHP Systems

Michiel Houwing, Rudy R. Negenborn, and Bart De Schultesmber, IEEE

Abstract—With the increasing application of distributed energy  B. Micro combined heat and power systems as novel heating
resources and novel information technologies in the electricity technology
infrastructure, innovative possibilities to incorporate the demard
side more actively in power system operation are enabled. A The domestic sector is responsible for a large share of
promising, controllable, residential distributed generation tech- a country’s energy consumption and carbon emissions. In
nology is a micro combined heat and power system (micro-CHP). the Netherlands, for example, in 2007 the domestic sector

Micro-CHP is an energy efficient technology that simultaneously - oy esented a share of 24 % in the total electricity consiompt
provides heat and electricity to households. In this paper we

investigate to what extent domestic energy costs could be redute @nd 20% in the gas cc_)nsumption [8], [9]. Further, Dutch
with intelligent, price-based control concepts (demand responge households are responsible for about 18 % of the totaj CO
Hereby, first the performance of a standard, so-called heat-led emissions (excluding transport) in the Netherlands [8], [9

micro-CHP Systemdis anaéyzed. Then, a model gr(fedictive c.ontrlcl)'l One of the options for households to reduce electricity
strategy aimed at demand response is proposed for more intelli- . Sy . . _
gent control of micro-CHP systems. Simulation studies illustrate consumption from the grid is the installation of DG. Be

the added value of the proposed intelligent control approach Sides small wind turbines and photovoltaic systems, specifi
over the standard approach in terms of reduced variable energy potential for applying DG at the residential level lies in

costs. Demand response with micro-CHP lowers variable costs utilizing electricity and heat from so-called micro coméih
for households by about 1-14 %. The cost reductions are highest haat and power systems (micro-CHP), also known as micro
with the most strongly fluctuating real-time pricing scheme. cogeneration systems. Based on [10] a micro-CHP system is

Index Terms—micro combined heat and power systems, de- defined as follows:

mand response, model predictive control. Micro-CHP: energy conversion unit with an electric

capacity below 15kW that simultaneously generates
heat and power.

|. INTRODUCTION Micro-CHP systems can be relatively small and are expected
to be of the same size as current heating systems. Compared to
A. Distributed generation current heating systems micro-CHP is a step forward in terms

o ) of energy efficiency [10]. By generating electricity logall
POWER generation is responsible for a large share of thg yilizing the co-produced heat, the efficiency of doinest

anthropogenic C@emissions [1]. Many new sustainablégnergy use is substantially improved. In Figure 1 the basic
technologies for electricity provision are therefore eatty inciple of micro-CHP is shown. Assuming that a household
under development [2]. Many of these technologies are ‘f?e‘eds 20 units of electrical energy and 80 units of heat, and
signed for application at the distribution level of the @@ty  35suming a boiler efficiency of 100% (based on the lower
infrastructure. Such small—scale eleqtr|C|ty generatgstems heating value of the primary fuel) and an efficiency of large
are referred to aslistributed generation(DG). Examples of e generation of 45%, a household consumes 124 units
DG te_chnologles are photovoltaic systems, wind turbined, a¢ primary energy in the case of separate heat and power
combined heat and power plants (CHP). The use of DG hgsneration. With a micro-CHP system of 20% electric and
several advantages. When DG systems use renewable primg§¥%, thermal efficiency, 100 units of primary energy are

energy as input, they can provide significant environment@lyired, leading to primary energy savings of around 20 %.
benefits. Due to reduced losses from electricity transput a During the last years there has been significant progress

due to coge_neration options, DG_ can als_o Ieat_j to increasegqfarq developing kW-scale CHP applications. Micro-CHP
energy efficiency. Moreover, besides their environmenéai-b ¢ <tems are on the verge of becoming mass marketed as a

efits, pG ;ystems can reduce investment risks, they stimulaf,, generation domestic heating system [10], [L1]. Sévera
fuel diversification and energy autonomy, and the presefice fan tacturers are preparing market introduction and Iretai
generation close to demand can increase the power qualifpanies have started selling micro-CHP systems [12], [13
and reliability of delivered electricity [3]-[5]. Currelt the 1 jikely primary fuel for these systems is natural gas.dden
penetration of DG at medium and low voltages, both igjcr.cHP is envisaged as a promising next generation heat-
distribution networks and inside customers’ households, jj,; system for countries and regions with extensive nataal
increasing in developed countries worldwide [3}-{[7]. infrastructures. Potential markets for micro-CHP are [pasm
countries such as the Netherlands, Germany, and Italy, ks we
M. Houwing is with Eneco in the Netherlands. E-mail:as Japan and parts of the United States and Canada [10], [14]-
m;‘guwe”gn%?neggd ’é' De Schutter are with the Delft CenterSis- [16]. In those areas, space heating and domestic hot water ar
temé z;lnd gontrol, Delft Uhiversity of Technology, the Netaeds. E-mail: mainly produced inside the house via the conversion of aatur
{r.r.negenborn, b. deschutter }@udel ft.nl. gas in boilers. District heating networks, heat pumps, atat s



added value for investors of intelligently using the cohtro

Separate Q capabilities of micro-CHP units for the objective of demand
generation response. Conclusions and directions for further researeh
primary — e given in Section IV.
energy 44— p(:]wﬁrfsl?/:ts » 20
124 electriely Il. ECONOMIC PERFORMANCE OF MICRGCHP UNDER
80—» boilleoro/ ) 80”? HEAT-LED CONTROL
= %
- lheat In order to analyze economic savings with intelligent micro
CHP control, it is important to have a reference case, both
in terms of control strategy as well as economic feasibility
_ of the application of micro-CHP. This section describeshsuc
D a reference case, where micro-CHP units are controlled in a
Cogeneration heat-led way. Heat-led control means that the control is fo-
y \ cused on following domestic heat demand. This type of cbntro
T E: 20 q is envisaged as the most likely standard control strategy fo
micro-CHP [10]. In the heat-led case micro-CHPs are placed
100 > fle= 20% — in houses, they operate under heat-led control, and aligtri
fin = 80% > 80 ] is traded both ways between the retailer and households.
|

A. Literature on standard control of micro-CHP

Fig. 1. Energy efficiency with micro-CHP. There is a substantial body of literature on standard cbntro

strategies for micro-CHP systems and the associated perfor
mance. A good overview of the literature on control strategy
design and cost performance is presented in [21]. In [2H it i
noted that there is a multitude of possible operating grase
that can be generally classified as heat-led or electriedydt
Compared to wind turbines and photovoltaic systemig concluded that the control strategy for the first genenatof
micro-CHP is a special type of DG technology in the sense thalicro-CHPs will be heat-led or electricity-led and thatufiet
the power output can be easily controlled. This charadieris generations may incorporate cost and/or emission minimizi
together with the fact that micro-CHP units are mostly cedpl control.
to heat storage systems [17], creaflesibility in power gen-  More work on the design of standard control strategies
eration This paper analyzes the potential value of flexibilitynd on the impact of control strategies on variable costs for
in micro-CHP operation. households can be found in [15], [22]-[25]. These sources
Besides the standard control Strategies enVisaged fODmineport annual energy cost savingS, relative to converitiona
CHP, which are aimed at following either heat or electricityoyseholds, in the range of 8-40%. Savings depend on the
demand, there are many other control objectives for whigjjopted control strategy, domestic energy demand anchgrici
micro-CHP systems can be deployed. Examples from [18fegime. Throughout this paper we refer to ‘conventionaldesu
[20] are the provision of intra-day balancing services, th§olds’ as being households that take all electricity demand
provision of black start services and improving power dyali from the grid (i.e., sold to households by retailers) and tha
Another objective for which to control micro-CHP @emand  fyffill their heat demand with a conventional, gas-fired il
responsewhich is the ability of domestic net-consumption of | goking at the existing literature in relation to the work

electricity to respond to real-time prices (net-cConsuopt presented in this section of this paper, we make the follgwin
consumption - production). This paper investigates therext contributions:

e o o it e, V8 hagh much ok s been done on sandar
led control control, a refergnce wlll nee(_i to be de_zvelo_ped here to
' serve as a basis against which more intelligent control
) schemes can be compared. The existing literature helps
D. Outline in making the modeling choices and assumptions for the
This paper is organized as follows. In Section Il we presenta model of heat-led control developed here and forms a
model of a standard heat-led control strategy and analyze th validation for the simulation results. Further, the hest-|
associated economic performance of the micro-CHP system control strategy that is developed in Section II-B2, aimed
for households. In Section Il we then propose a more intelli  at having as few prime mover start-ups as possible, is a
gent control strategy using so-called model predictivetrmbn novel strategy and is not described in the literature. Many
to implement demand response. Via extensive simulations a start-ups are unwanted, as these create mechanical wear
comparison between the performance of this control styateg and additional gas use for fuel cells (this is explained in
and the heat-led control system is made. This indicates the Section II-B1).

boilers are only marginally used there.

C. Obijective of the paper



o The economic analyses in the literature consider only | energy retailer

fixed tariffs for imported and fed-back electricity. As Aeexp
there are also time-varying tariffs possible for housesold :
and as these tariffs might influence the economic per- empv & [ electricity
formance of micro-CHP, the literature is limited in this A "] demand
respect. Here, we also look at time-varying tariffs. .»—‘»ap—“»"1 . Micrg=CHP
ch:} prime. | e
B. Modeling heat-led control of micro-CHP gf:, rr]n:\r/ﬁl: : heat
This section presents mathematical models of the system |i | ! storage [ d:riztn §
under study and of the standard heat-led control strategy fo 9 : auxiliary |, h
the micro-CHP systems. LS bumer e C
1) System descriptiorithe household-retailer system under 1] Mo |
. S . - L household
consideration is shown schematically in Figure 2. Energydlo
are present in a household and between a household and the — power flow
retailer as shown in the figure. The house is assumed to be ----» heatflow
connected to the gas and power grids. The household canh fulfil e » natural gas flow

its electricity and heat demand through several altereativ
means. The micro-CHP unit present in the house consistSERf 2. Energy flows in the household-retailer system.
a prime mover and an auxiliary burner.

There are three main prime mover technologies envisaged
for micro-CHP systems: internal combustion engines, Stipurner converts natural g@gux to provide heata,y. The heat
ling engines, and fuel cells [10]. Micro-CHP systems baseatemandhg is taken from the heat storage. We assume that no
on internal combustion engine technology are commercialgat can be dumped. Generated electricity can be consumed
available, Stirling engine systems are in between the pitot by the householdeg, or it can be sold to the retaileeeyy.
the marketing phase, and fuel cell systems are in the R&ectricity can also be imported from the retailef;p.
stage. Compared to the other two technologies, fuel cells ha The fuel reforming process of the PEMFC system also uses
relatively high electric efficiencies in the range of 30 to%40 natural gas. For modeling purposes an additional gas stream
and consequently fuel cells have lower heat-to-power satits therefore definedy;, which is gas used for heating up the
[25], [26]. Under the assumption that generated heat cantieforming unit during start-up. The streagac represents the
be dumped, the output of micro-CHP systems is constraintsdal gas flow to the fuel cell system after it has started up
by domestic heat demand. Due to the relatively low heat-tend includes the gas used for reforming. Once the fuel cell
power ratio of fuel cells, fuel cells will be constrained byat has started ug; = 0, but during start-ugy, is nonzero. This
demand much less than the other prime mover technologitssdiscussed further in the next section.

Because of that fuel cells provide the highest level of flidijb The energy retailer thus sells natural gas and electrioity t
in their power production. This paper therefore focusesuah f the household. The retailer buys electricity that is exgubrt
cell micro-CHP systems, as these will give the upper limit dfom the household and will pay the household a certain feed-
the added value provided by flexibility. back tariff for this electricity.

The micro-CHP units modeled in this paper use a ProtonNext, we mathematically formalize the dynamics of the
Exchange Membrane Fuel Cell (PEMFC) as prime movépusehold-retailer system. Each time step in the modeksldev
technology. This fuel cell type is foreseen as a potenti@ped in this paper represents a time interval of 15 minutes. |
technology for micro-CHP systems [10]. Fuel cells convethe modelsk represents a discrete time index. Discrete time
the chemical energy of a fuel into electrical energy argtepk corresponds to continuous tinkeA¢, where At is the
heat. Typically, the fuel is hydrogen, but with the use dfiscrete time step length of 15 minutes.
reforming processes many other primary fuels can be usedThe following electricity balance should hold:
including natural gas. The PEMFC system considered here , _
also has a fuel reforming unit and a DC/AC power inverter. eproal k] + eimp[K] = ealk] + cexpl] @)
The reforming unit reforms natural gas into hydrogen, whicwhere:
is subsequently electrochemically converted by the fuéll ce eprod k] = grclk]ne = hrclk]ne/nm, 2

The_ guxmary bu_rner of the micro-CHP system delivers any\ which ne andny, denote the electric and thermal efficiency
additionally required thermal power.

: : of the fuel cell, respectively.
Figure 2 shows the electric power, heat and natural 988114 thermal powper Outp)L/Jt of the fuel celkc[k] can vary

flow_(m kW) in the_ household-retailer system. As 'n.d'categetween a certain minimum and maximum capacity, which is
in Figure 2 the prime mover converts natural gag into given by:

electricity eprog and heathec (‘FC’ stands for fuel cell). The
. . . : in < <

heat in the flue gas is supplied to the heat storage via hot fiec,min < heclk] < hrcma 3)

water, of which the energy content is indicateday(the unit where hrc min and hrc max are the minimum and maximum

of the amount energy in the storage is kWh). The auxiliathermal output of the fuel cell.



Further, the PEMFC power output is constrained by a certain

L » heat-led controller
ramp rateeamp Which is modeled by:

eprod[k - 1] — €ramp < eprod[k} < eprod[k - 1] + eramp (4) hs’ tstart,r hFC, haux

The range of the auxiliary burner power outpuf/k] is
given by: J—
haux,min S haux[k] S haux,ma)e (5) |>

where hauxlk] = Nauxgauxk], Pauxmin @nd hauxmax are the i
minimum and maximum heat output of the burner, ang is ’,’
the efficiency of the auxiliary burner. ===
The energy storage contehi[k] between steps is modeled

by:

A

physical system

hs[k + 1] = hs[k] - hd[k‘] + hFC[k’] + haux[k]- (6) Fig. 3. The heat-led controller in relation to the micro-CHRituhat it
controls.
The energy losses of the hot water storage are negligible [27

and are expected not to influence the results of the analyses

presented in this work. _
The parameter values mentioned in the literature and chod@fperature level. The corresponding energy levels of the

here for the models are shown in Table 1. As will be explaingdfat storage at simulation stép are calculated from the
further in Section 11-B2, in heat-led control the micro-CHA€Mperatures with:

prime mover and auxiliary burner are (de)activated acogrdi

to temperature levels of the water in the storage {ire, Taux)- hs[k] = m[k]cAT[k], (8)
There are minimum and maximum temperature levels defined . ] ]
for the prime mover as well as for the auxiliary burner. ValugVherem[k] is the mass of the water in the storage at time

for these temperature levels have been chosen by the auttf$gRF: ¢ is the specific heat of water (i.e. 4.18 kJ/kY and
based on expert knowledge from boiler manufacturers. ATk] is the difference between the storage temperature and

2) Design of the heat-led controllerin heat-led control the temperature of the environmenfeg, = 20°C) at time

the micro-CHP system’s power output is controlled based GHP k- Figure 3 schematically illustrates the control inputs
domestic heat demand. We next describe the heat-led contR§ heat-led controller requires and the outputs the ctietro
strategy applied to the PEMFC system. sen_ds to the mlcro-QHP system. The interpretation of trte_sta

The temperature of the water in the heat storage functiof@i@b€tsar k], which the controller measures at each time
as main control parameter in the strategy. The prime movaEPF (together with the heat storage energy conteji and

output is controlled such as to keep the storage temperaturéhe decision va_riablelsFC anqhaux- V\{hiCh the controller sends
an average valug} of: to the system it controls, will be given below.

To avoid frequent starting up of the system, the control
Ta = (Tiowrc + Thighrc)/2 = T0°C, (7) strategy is aimed at keeping the prime mover in operation
corresponding with an average energy level denoteddyy as Iorégbash poss;}blltz. In rigllty, hlea}_'and electricity are- cct)_n
The values forTiowrc and Thighrc are given in Table |. ;umed Iydolljjse olds con mt:ous 3]/, (Zre, enfrg);]co?s;mp 'Od
The auxiliary burner control is also based on the storaéfe modeled by assigning values for domestic ‘heal deman
d[k] and electricity demandgylk] each simulation steg:.
The controller takes this information on energy demand into
TABLE | ‘ _account to determine its actions at each time stepThe
MODEL PARAMETERS FORPEMFCAND AUXILIARY BURNER ( NO INFO h t d d . t ki f th h t st hich th b
MEANS THAT NO INFORMATION WAS FOUND IN THE LITERATURE ON THIS ea ema_n IS taken 1rom € eat s Orage’ w I'C ere y
PARAMETER, ‘AUX. BURNER STANDS FOR AUXILIARY BURNER). Basep  decreases in temperature. The heat storage confénts also
ON DATA FROM [25]-[31]. an input for the controller. The thermal power outpi:[k]

of the PEMFC prime mover is controlled according to:

Value .
Parameter Symbol| | jierature | Chosen Unit max (hs,a— hs[k] + halk], hFC’mm)
Total efficiency Ttot 0.70-1.0 | 1.0 - ; 11— _
Electric efficiency e 0.20-040| 0.30 | - heclk] = if ((tstart,r{’f 1] =1)V ((heclk — 1] > 0)
Thermal efficiency th 0.30-0.80| 0.70 - - . ) ]
Electric capacity range eprod 0-5 0.3-3 | kw A(hs[k] = halk] + hec,min < hh'gh":c))
Ramp capacity eramp 0.06-0.20| 0.15 KkKW/min 0 otherwise
Start-up time tstart 45 45 min (9)
Gas use for reforming Gref 1 1 kw
Levels fuel cell Trc no info 60-80 °C ) o . .
Levels aux. burner Taux no info 53-58 | °C wheretsiar fk] is the remaining start-up time at time stép
Hleat s&%z%ee#’c'lue':gy m 000 | 0| The PEMFC's thermal capacitirc[k] should be as low as

. Naux .80-1. . - . . i L. .

Aux. burner capacity rangé haux 0-30 4-20 KW possible, respecting the capacity limits given by (3) angl th

power ramp rate constraint (5). The remaining start-up igne



set by the controller according to: 2) Create average profiles by multiplying the annual de-
. mand by certain fractions. This allocates the annual
bstart,dk = 1] =1 if (tstart,{k — 1] > 0) demand to a demand per 15-minute periods for a full

tstart if ((tstart,r{k - 1] = 0) year.
tstart,{k] = E\h([}llfﬁcf[kh_[lg 22) A ) 3) For each time step, take a sample from a probability
0 othe?wis d low,FC distribution around the 15-minute demand value.
¢ (10) In the analysis of this paper average households are used
wheretgaq is the start-up time in 15-minute time steps fronyvith regard to their anqual ele<_:t_r|C|ty and heat demand. An
Table | (ie., tsax = 3). The controller thus also needsdverage annual domestic electricity demand of 3,400 kWh [8]

information from the prime mover on the remaining start-up"d an average annual domestic heat demand of 12,500 kWh

time at the previous time stép— 1. During start-up of the fuel [35] are taken. This heat demand is the total demand for
cell heat can be extracted from the storage, thereby logerifPace heat and domestic hot water. To cresezagedomestic

the storage temperature. In order to avoid using the auayilis€l€ctricity and heat demand profiles, the annual demands are
burner, the activation temperature for the fuel cell is ¢here Multiplied by the so-called ‘profile fractions’ from [36] hiese

set relatively high (i.e.Ziowrc > Thigh.aw)- profile fractions are used by Dutch market parties to predict

Using (9) a new intermediate value for the energy storada® €lectricity and gas demand of small consumers. The heat
content is calculated by the controller with: profiles initially have a resolution of one hour (equal to the
resolution of the gas profiles) and the electricity profiléds o

hsnewk] = hsk] — halk] + hec[k]. (11) 15 minutes. The hourly heat demand data are split into equal

. . . . amounts for 15-minute periods to create the same resolution
Even if the fuel cell prime mover is running, the heat storaggS for the electricity profiles

may still become too cold and its temperature may drop bGIOWIn constructingindividual domestic electricity demand pro-

Tiowaux In that case the auxiliary burner will be activated b¥i|es at each 15-minute time period a sample is taken from
the controller using (11) according to: an exponential distribution, in which the expected value is

max(hnigh,aux— Msnew k], Paux,min) equal to the average electricity demand at that time. With an
hauk] = if (hsnewk] < hlowau)  (12) gxponential distributioh the large spikes in domestic telec
0 otherwise ity demand can be simulated quite accurately compared to

empirical data from [21], [34], [37]. In creating individua

The auxiliary burner capacityia,{k] should be set by the y,megtic heat demand profiles, samples are taken from normal
controller as low as possible and stay between the “m'terg'vdistributions, with the expected values equaling the ayera

by (5). The desired burner capacity is such that the storage ¢,0¢ jemand at that time period. Normal distributions argemo

reach temperaturBhign,aux Which is the maximum temperaturegisaple for simulating the heat demand, as the demandsspike
to which the auxﬂllary bgrner can heat the storage. are much smaller than with electricity [34]. By using gas

The controller is designed to let the fuel cell shut dowgemang profile fractions it is assumed that the daily pastern
completely when the storage reaches the temperature. |Ir(‘5\rl'[gas and heat consumption are equal. As still only 15% of
ThighFc and to let the fuel cell go through the start-up timey ch households presently have hot water storage systems
before b_elng able to produce usable energy again. The 98§] regarding gas demand as heat demand seems a valid
used during start-up (k] follows from: assumption. In creating profiles for the aggregate heat déma

= Gref if tsar k] > 0 (13) _standard deviations are chosen so as to get maximum peaks
9r 0 otherwise in the total thermal power demand that approximate numbers

, ) ) ) mentioned in [21], [34] as well as possible.
with grer being the gas used for reforming during start-up (se€ gigyre 4 shows examples of individual domestic electricity
Table 1). _ _and heat load profiles together with the average profiles.

The new value for the energy storage content, with which by price data: Regarding the electricity price for house-
the next simulation step starts, follows from (6). With (b)Jda polds, we assume that so-called smart meters will enable rea
(2) values foreimp[k] and eexp[k] are calculated. ~time pricing. Then, instead of having flat rates, prices can

3) Model input: The model of the controller that has jusiary in time. Real-time prices will be based on marginal
been descrlk_)ed requires energy dema_md as input. To C@Cl_lgﬁpply costs for an energy company [38]. Marginal energy
the economic performance of the micro-CHP system, priggsts at a certain moment depend on prices of power pools
data is also needed. This section describes the input datta th power exchangeS, costs of own power generation, and
we will use in the subsequent section in simulations. Thests of bilateral transactions [38]. For the modeling work
Dutch situation of 2006 is used as the source of the data. of this paper, we assume three e|ectricity tariff structuicr
&) Energy demand profilesAccording to [32], domes- {rading electricity, namelyfixed tariffs (denoted byF), real-
tic energy demand profiles can be constructed _ba_sed tMe pricing based on Dutch powexchangeprices (hourly
measurements [15], [23], from the aggregation of individugesolution; denoted byX), and real-time pricing reflecting
component loads [33], or by using stochastic methods [34yerageDutch wholesale market prices (varying with a 15-
Here the last approach is taken, based on the following stegfinute resolution; denoted h#). The construction of these

1) Set the annual electricity and heat demand in kWh. tariff structures is as follows:



days of January 2006.
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5r B B T Fixed (F)

N o
» [&)
: ‘

o
w
:

Electricity demand (kW)

Electricity price (euro/kWh)

o
[N
:

0.1r 1
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(a) Electricity demand. Time steps (15 min. periods)
Fig. 5. The three residential electricity tariff structsirthat are used in the
10 simulations, for the first three days of January 2006.
— Constructed
9H - - - Average aggregate b
sl { i a mixture of the prices on all the electricity markets on

which they trade [38]. In the Netherlands, for example,
‘ ! J , 1hre only 20% of all power is traded on the APX [40] and
i i It a mixture of prices seems logical then. In creating the
' 1 varying supply tariff for theD structure, a merit order of
! Dutch generation facilities based on marginal costs (as
! described in [40]), together with national load data from
| . | the Dutch transmission system operator [41] are used.
o 1 4 The Dutch electricity system is thereby conceptualized
1t W N , as a black-box and all electricity is assumed to be traded
‘ ‘ ‘ ‘ ‘ through one ‘average’ market.
0 s 100 0 A%0 . 200 250 300 The residential electricity tariffs are scaled such tha th
ps (15 min. periods) X
annual averages of the three tariff structures are equal. In
Figure 5 the three constructed tariff structures are shawn f
Fig. 4. Examples of constructed energy demand profiles for thetfiree three days in January 2006. It can be clearly seen thakthe
structure is more erratic than the structure.
In determining the tariffs for electricity that is sold by a
household to the energy retailer, i.e., the feedback tati#
. F tariff structure. From [8], [9] a residential tariff of foIIow'in'g is considered: Itis first of aIIassumgd that thisran
; . L X electricity transport tariff per kwh of electricity sold. Aem
0.18€/kWh is obtained (this is the variable part of the% d-back tariff f ted electricity is hiahly imprabl
tariff including taxes), which is used in thE structure. eed-back tarilt Tor exported eleclricity 15 highly Impraie,

. . as energy retailers will have free electricity at their disal

e 0 a4t ' en. Onhe cthe hand. househlds with PEMEC produce
rest of the€0.18 consists of the transport part (i.e.SO much electricity thgmselyes, that they can easily become
€0.04) and taxes (i.e€0.05). In creating the hourly- het-prod_ucers of electricity (|_n, say, & penod (.)f a_yea@ecﬂl
varying tariff structure, the supply part of 0.€JkWh back tariffs that are equf'il to import tariffs are illogichén, as
. . ; . ouseholds would then incur net transport revenues. A monze
IS substituted by an hourly-varying supply tariff. For th eed-back tariff is considered, which comprises the pnesip
X struc;urhe the hﬁ urIy-var;(/jing supply tarif:] s eqlzal 9 entioned supply part and fu,rther prevents double-tanatio
prices of the Dutch Amsterdam Power Exchange (APX), - .
which is a day-ahead market [39]. It is hereby assum?gnr f#gymﬂli fﬁidirbaicskpzar?ifasr;frf]eo? ge(g/r;\/e\z/ﬁ qual to the impor
that the retailer is able to buy and sell all the power fo For gas, from [8], [9] a variable domestic tariff (including
and from households on the APX. So, all the supply and .
demand bids that he places on the APX are accept %f.‘es) of 0.08/kWh is used.
This implicitly assumes that retailers can predict the net ) )
consumption of their domestic customers. C. Economic performance with heat-led control

« D tariff structure. In setting real-time pricing tariffs for  In this section we analyze the economic situation of house-
domestic customers, energy retailers can alternativedy usolds in which micro-CHP systems are controlled in a hedt-le

Heat demand (kW)

(b) Heat demand.



TABLE Il
ANNUAL ENERGY COSTS FOR CONVENTIONAL HOUSEHOLDSDEPENDING ~ d€Mand response.
ON THE TARIFF STRUCTURE
IIl. ENHANCED ECONOMIC FEASIBILITY THROUGH
DEMAND RESPONSE

Total energy costs€ly) Of which

F X D gas €ly) i _ .
1317 1350 1‘324‘ 714 ‘ In_stead of fO||OWIng domestic heat demand, the flexibility
provided by the micro-CHP and storage systems can be used
more actively and intelligently, without compromising cfami
TABLE Il

for households in terms of heat demand. In this section we
ANNUAL ENERGY COSTS WITHPEMFCMICRO-CHP UNDER HEAT-LED . .
CONTROL, DEPENDING ON THE TARIFF STRUCTURE AND GIVEN AS A PrOpose a more intelligent control strategy to enhance the
PERCENTAGE OF THE COSTS OF CONVENTIONAL HOUSEHOLDS economic savings with micro-CHP systems, when compared to
the heat-led case as analyzed before. The proposed scheme fo
cuses on reducing variable energy costs via demand response
Demand response with micro-CHP is reported in [21], [42]-
| 61 61 62 | 144 | [49]. In [21], [45], [48] cost savings compared to standard
heat-led control are mentioned. Relative savings between 2
to 8% are reported in those studies. In the existing liteeatu

way. We do this by implementing the mathematical modefe influence of tariff s_tructures on cost savi_ngs with dem_an
of the household-retailer system and the heat-led coatroil €SPonse and the design of the controllers is not looked into
Matlab 7.5 and performing simulations in which the inputadatTh'S section does address the influence of the tariff stractu
described above are used. and the controller design.

Multiple simulations with equivalent households but with In the following sections we first fo_rmula_lte the controller
different electricity and heat demand profiles were donee THat focuses on demand response with micro-CHP and then
households each have a heat storage volume of 150 litd¥§ analyze its performance.

At the start of each simulation, the micro-CHP units are not

running (i.e., hprime = 0KW and hayx = 0kW) and the heat A. Model predictive control (MPC)

storages all h.ave average energy levels. The e.Iectriodiy]aat The control strategy that is proposed here for demand
demand proflle_:s were created as ex_plalned in Section "'_%sponse ismodel predictive contro(MPC) [50]-[52]. An
Each load profile of a household consists of 35,040 datapoinypc controller is connected to or is built into the micro-
as simulations are done over a full year (i.e., 2006) and preyp ynit. It is also connected to the storage system and a

files have a 15-minute resolution. The economic performangg,art meter. The presence of smart metering in households
of micro-CHP application under different tariff structsrés s assumed in order for price information to be conveyed to
obtained using 20 simulations. Experiments have confirmgd seholds by the retail company.

that this_number is high enough to draw statistically sigaifit  The controller has the task to determine how the micro-
conclusions. _ _ CHP system should operate and how heat should be supplied
_ Toplace the results that are discussed in the subsequent §¢¢ne heat storage. The controller thereby has the obgetaiv
tions in perspective, first annual energy costs for conweali inimize the variable energy costs while respecting tha-ope
households are shown in Table Il. Table Il gives the annugjiona| constraints. The concept of MPC is shown in Figure 6.

energy costs of the heat-led case as a percentage of the CpRiSMPC control agent uses a model of the household-retailer
of conventional households (Table 1I). The presented nusbgystem to determine the optimal control actions. Below it is

in both tables are the average values per tariff structuved o rther discussed how MPC is applied to the system under
all simulations. study.
The following observations are made from Table Il regard- 1) MPC framework: To find the actions that meet control
ing domestic energy costs in the heat-led case: objectives as well as possible, a controller has to makedetra
« Substantial cost savings with micro-CHP compared off between different possible actions. In order to make the
to conventional householdsRelative cost savings arepest decision, as much relevant information about the conse
almost 40 %. guences of choosing actions as possible should be taken into
« Higher gas costs for micro-CHP householdsTo pro- account. A particularly useful form of control that in pripke
duce the same amount of thermal energy, a micro-CHan use all information available is MPC [50]-[52]. MPC
unit will consume more gas than a conventional condeng- an optimization-based control technique, which over the
ing boiler. This can be seen by the higher gas costs flist decades has shown successful application in the groces
households with micro-CHP compared to conventiongidustry [54] and which is now gaining increasing attention
households. Even though micro-CHP application leags fields like road traffic networks [55], steam networks [56]
to higher local gas consumption in households, the totghter networks [57], and also power networks [58], [59].
primary energy consumption for which households are Here MPC is used as the control strategy for demand
responsible becomes less with micro-CHP. response with micro-CHP. There are distinct and predietabl
Now that the reference case has been analyzed, the follgyatterns in domestic energy demand and energy market prices
ing section looks into the potential further cost redudtianith  of which predictive control is expected to be able to take

Total energy costs (% of conventional) Gas
F X D (%)




control agent B. MPC problem formulation

desired l constraints | | E——— 1) Objective function:The control objective is to minimize
behavior ! 7 the variable costs of domestic energy use. These costs depen
""""" on the gas pricepy, the price of imported electricityimp,
, and the price of exported electricityexp. The gas price is
R p— actions considered to be fixed over time and the evolutionpg,
and pexp depends on the applied tariff structure as discussed
in Section 11-B3.
optimizer The cost function/ at time stepk over a prediction horizon
with length N is now defined as:
N-1
J = Z (pg <9FC[k + 1] + gauxlk + 1] + gr[k + l])
=0
| + Pimplk + Ueimplk + 1] — pexplk + Ueexplk + 1}) .
(14)
2) Prediction model and operational constraint¥he pre-
< diction model and operational constraints that the colatrol
uses consist of a set of relations describing the household-
i +|:| retailer system. This set of relations makes up a matheatatic
""" > > model that builds upon the model of Section I1I-B1 and is a
further elaboration of the model presented in [60]. Partthef
model equations have already been given in Section 1I-BlL. Al
the model parameters are given in Table I.
The main difference between the heat-led strategy and
Fig. 6. The concept of MPC (adapted from [53]). the demand response strategy is that now the micro-CHP
controller sets the power output of the micro-CHP system
i.e. hgc andhayy) by only considering costs, while with heat-
advantage. The controller uses an MPC strategy such thall§ control the power output was set to keep the storage
can. temperature at its average value. The main constraintsrare o
« take into account the decision freedom due to the postiite power output, which should remain within the operationa
bilities of self-generation of electricity and of electtjc limits, and on the temperature of the water in the heat stgrag
import and export; which should remain between the minimum and maximum
« optimize the use of the heat storage unit; limits. It is assumed that the temperature of the water in
« incorporate predictions of domestic electricity and hed#lte heat storage should remain betwéggn, = 55°C and
demand and future information on electricity prices (i.eZmax = 80°C.

measurement -
of system state

physical system

disturbances); Now the mathematical model of household-retailer system
« incorporate models of the dynamics and constraints wflll be described. First the binary variablegp[k] andvaux/k],
installed energy conversion and storage units. which indicate whether the micro-CHP prime mover and

2) MPC componentsMPC is a control strategy that isauxiliary burner are in operation at a specific time step
typically used in a discrete-time control context. At eaichet 2'€ defined according to:
step, an optimization problem is solved with the followin% bl — 1 if micro-CHP prime mover operates
components: cell =1 o if micro-CHP prime mover does not operate

« an objective functiorexpressing which system behavior [ 1 if auxiliary burner operates
. . . ’Uaux[k] = . e
and actions are desired; 0 if auxiliary burner does not operate

» aprediction modetlescribing the behavior of the systemp aqdition, the binary variables that indicate whether the

subject to actions; _ micro-CHP prime mover and the auxiliary burner start up or
» possibleconstraintson the states, the inputs, and the outspyt down at time step are defined as:

puts of the system (where the inputs and the outputs of the
system correspond to the actions and the measurementgcyp k] =
of the controller, respectively);
« possible known information about futudésturbances kl —
. UCHP,dowr{ ]—
« ameasuremenf the state of the system at the beginning
of the current control cycle.

The objective of the controller is to determine those adtion
that optimize the behavior of the system as specified in an k] =
objective function. aux,dowr ™ =

1 if prime mover starts up
if prime mover does not start up

if prime mover shuts down
if prime mover does not shut down
if auxiliary burner starts up
if auxiliary burner does not start up

if auxiliary burner shuts down
if auxiliary burner does not shut down

Uaux,u;{k] =

— N
O—= O O O



As also shown in (3) the power output of the prime 3) MPC scheme:At the beginning of each time step,
mover eprog[k] can modulate between a certain minimum anthe controller measures the system state of the previops ste
maximum capacity, which is now modeled by: which consists of values of the heat storage energy lgyel

and of the binary variablescyp and vy (these are the state
venp[k]eprod,min < €prodk] < verp|k]€prod,max (15) variables). Due to the constraining ramp rate on the fudbcel
power output, the electricity that was produced in the masi
where eprod,min @Nd eprodmax are the minimum and maximum step, eproa, i also measured. Further, between time steps the

electric capacity. start-up time of the PEMFQg,t should also be taken into
With the binary variables introduced above, the auxiliargccount.
burner power output range,,«[k| is now given by: Then, together with data on future energy consumption
and electricity prices the controller then determines eslu
Vaux k] hauxmin < hauxlk] < vaux k] hauxmax (16) for the decision variablegrc, gaux gr» €exp@ndeimp. It does

so by minimizing the objective function over a prediction
The thermal energy in the heat storagk] has to stay horizon with length/V, subject to the prediction model and

between a minimum and maximum value: the initial system state. Hence, a large set of mixed-imtege
linear equality and inequality constraints has to be solved
hsmin < hslk] < hsmax- (17) prediction horizon of 96 steps is taken (i.&V, = 96, which

equals one day). This horizon length covers the dynamics of

The values ofiis min and hsmayx are calculated with (8) using domestic energy demand and the electricity market.

the temperatures mentioned above. Once the controller has determined the actions that opgimiz
The energy content of the heat stordgék] changes over the system performance over the prediction horizon, it énpl

time due to the consumption and generation of heat. TAeNts the actions of the first step of the horiZomntil the

dynamics of the heat storage is given in (6). Also equatioR€ginning of the next time step+ 1.

(4), (2), and (1) will hold. At the start of time stegk + 1 the procedure is repeated:
As said before, the fuel cell system has a certain start-tffe controller determines new optimal actions over thetesthif

time during which it consumes gas but delivers no usabgediction horizon that now starts at+ 1, thereby using

electricity and heat. The system start-up is modeled by: new system measurements and updated information on distur-

bances. Hence, the controller operates in a receding angoll
venplk + p) > uchpudk], p=0,..., tstat— 1, (18) horizon fashion to determine its actions.

4) Solving the optimization problenithe MPC optimiza-
wheretsris the start-up time expressed in 15 minute periodon problem is formulated as aixed-integer linear pro-
Furthermore, the following statement is also needed torensgrammingproblem. It is linear, since the objective function

that there is no electricity production during start-up: and all constraints are linear and it is mixed-integer, einc
the problem involves continuous and binary variables. &her
if uchpudk] =1 theneprodlk +¢] =0, are optimization solvers available that can deal with these

q=0,... tsat— 1, (19) kind of optimization problems [62]. In the case study the
optimization problems are solved using the ILOG CPLEX [63]

which can be modeled as a mixed-integer linear programmifigear mixed-integer programming solver through the Tdmla
problem [61]. Gas that is used during start-up to heat up tHéerface [64] in Matlab. To give an idea of the size of the
reformer is represented by the variap}g:] (see Figure 2). As Optimization problems: Wlth a prediction ho.r|z.on pf 96 #ep
was also done with (13), the following relation ensures th§te-, one day), at each time step an optimization problem
the total gas consumption of the fuel cell will not be lowefonsisting of around 2,500 equations and 1,200 variables

than grer when the fuel cell is starting up: (continuous and binary) has to be solved. Solving such an
optimization problem with the used solver takes from about a
k] = gret if venplk] = 1 A grc[k] = 0 (20) few seconds_to about a minute on a laptop with a 1.9 GHz CPU

1= 0 otherwise and 1.0 GB internal memory.

5) Prediction accuracy of energy demand and pric@$ie
In order to let the micro-CHP’s prime mover and auxiliarenergy demand profiles and the electricity prices that th€ MP
burner function properly, the model should include equetio controller uses are assumed to be perfectly known to the
that link the binary variables that govern the operationhef t controller. Energy demand profiles can be determined by the
prime mover and the burner: controller itself or by an external device. Forecastedqwiare
conveyed to households by their retailer, who provides this
venplk] — verplk — 1] = uchpupk] — uchpdowdk]  (21) information as a service. By assuming perfect forecasts on
Vaudk] — vauk — 1] = tawcudk] — vaudowdk] ~ (22) Prices and energy d_eman(_:i, this analysis gives an upper Iim?t
uckpudk] -+ ucHp doudH] (23) on the potential savings with demand response. The domestic
' ’ energy demand profiles and electricity tariff structuresdus
Uaux,up[k] + Uaux,dowr{k]

<1
<1l (24) are described in Section 1I-B3.
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household. In the development towards more energy efficiency, a
promising option is the application of micro combined heat
and power systems (micro-CHP) in households. Micro-CHP
systems simultaneously generate heat and power and thereby
In this section the energy costs with MPC applied timprove energy efficiency and reduce carbon emissions. Com-
PEMFC micro-CHP systems are determined and a comparigmared to wind turbines and photovoltaic systems, micro-CHP
with the results with heat-led control is made. The sanig a special type of distributed generation technology i th
households are considered as in Section Il (in terms of pense that the power output of the system can be controlled.
rameters and energy demand patterns), only now the domeBticther, when micro-CHP units are coupled to heat storage
heating system is controlled by an MPC controller insteagystems, flexibility in their power generation can be create
of the heat-led controller. As an illustration of the tygdica Flexibility in power generation can lead to energy cost sav-
behavior of the households, Figures 7, 8, and 9 show thmys. The amount of these savings depends on how micro-CHP
evolution over the first day of the simulation of the state afystems will be applied once being installed in households.
the heat storage, the electricity import and export, andyti® Higher savings may be obtained by controlling micro-CHP
consumption of the micro-CHP’s prime mover and auxiliargystems more intelligently. An objective to which intedligt
burner, respectively. The aggregate energy cost savint/s wgontrol with micro-CHP can be directed demand response
MPC under the different tariff structures compared to Hedt- In the context of this paper, demand response is the ability
control are shown in Table IV. of households to change their electricity net-consumption
The results show that, compared to heat-led operatiomsponse to real-time prices. In this paper we have analyzed
additional cost savings with demand response are betweentl®e-potential economic value of demand response with fukel ce
112€/year, or between 1-14%. The savings strongly dependcro-CHP systems. Due to their relatively low heat-to-pow
on the tariff structure. Th& tariff structure shows the highestratio compared to other prime mover technologies, fuelscell
savings and thé" structure the lowest. MPC control reducesvill provide the highest level of flexibility. The micro-CHP
costs by shifting net-consumption away from moments of higmits modeled in this paper use a Proton Exchange Membrane
prices. Because th¥ tariff structure is based on the real-timeFuel Cell (PEMFC) as prime mover.

C. Additional savings with demand response
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