Optimal Dispatch of a Multiple Energy Carrier System Equipped With a CCHP
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(CHP), offer both reduced costs and significant reductions of
Abstract. with the development of distributed generation (DG$O2 emissions. Other factors may also drive increased dep-
technologies and the implementation of policies to encourage th@yment of DG in the future, including enhanced reliability
applications, The Combined Cooling, Heating, and Power (CCH#d security, reduced need for transmission and distribution
systems is expected to play a greater role in the commercial buildinggrades, and simpler plant sitting [5-7]. DG also gives prom-
in the future. CCHP is a promising efficiency improvement and cafience to the government’s Kyoto Protocol Target Achieve-
bon mitigation strategy, but careful operation mode is required dgent Plan [1].

achieve a reasonable system performance according to energy gonyqqition to recover the waste heat for heating purpose it is
sumption characteristics of buildings and technical features a(ﬂf

. so possible to transform the waste heat by-product in a CHP
equipments [1].

This paper presents an energy dispatch method which minimizes H&{€M, such as hot water or steam, into useful cooling by us-
cost of energy (e.g., cost of electricity from the grid and cost of natlg an absorption chiller. Unlike a conventional electrical
ral gas into the gas turbine and boiler) base on the energy hub é&dtiller that uses mechanical energy, the absorption chiller uses
cept and by regarding carbon market rules. The system inclubi€at in a refrigeration cycle to provide cooling. Combined
combined heating power (CHP) module, auxiliary boiler, absorptigmoling, heating, and power (CCHP) systems use reciprocating
chiller, utility grid and electrical, thermal, and cooling loads. In facinternal combustion engines, turbine engines, and even fuel
by solving this model, optimal energy flow will be determined resg||s to generate electrical power while recovering waste heat
garding both the amounts of electric, thermal, and cooling Ioadsfdﬂ, heating or cooling (through absorption chillers) purposes.

each time interval and prices of electricity and natural gas at the s .
time, by considering environmental constrains. In the cost function HP systems produce both electric and useable thermal

this model, the total economic benefit of this system is maximizEG€r9y onsite or near site, converting as much as 80% of the

during total daily operation time. fuel into useable energy [8].

The results of an optimal operation model have been discussed &éke a traditional power grid that the objective of economic

nomically and a case study has been investigated. dispatches (ED) is to determine the allocation of electric pow-
er for different generating units in order to minimize the total

Key Words generation cost subject to both technological and physical

constraints, ED in CHP or CCHP is assuming an increasingly
combined cooling heating and power (CCHP), energy hub, important role since it provides an economic solution to fulfil-

optimal operation, Cemission ling the demands on electric power, district heat and cooling
and It is deemed as an effective way of increasing overall
1. Introduction energy efficiency[9].

CCHP plants face fluctuating demands for heating cooling and
power. Thus, there are more uncertain factors in CCHP than in
l re power dispatch [1-2]. Inevitably, more design objectives
oupled with tighter constraints need to be incorporated. As a

set of unit commitment, power dispatch is a major function

Snergy management systems (BMS

N this paper an optimal dispatch of energy hub [3] equipped
ith CCHP is considered and the optimum operation of CCHP

Traditional power plants convert about 30% of the fue
available energy into electric power[2]. The majority of th
energy content of the fuel is lost at the power plant through
discharge of waste heat. Further energy losses occur in;
transmission and distribution of electric power to the individ
al user. Inefficiencies and pollution issues associated wj

conventional power plants provide the motivation for dev ystems for different climate conditions is exemplified based

opments in “onsite a_md near-site” power generation. n energy cost and operational system emissions.
To overcome mentioned defects today as a supplgme:-nt-?fﬂ contents of this paper are organized into six sections. Fol-
conventional large-scale power generation system, dlStrIbqu

- DG hnologies h hene, ing this introduction, the energy hub concept and a brief
generation (DG) technologies have got more compre ensiferview of the Energy hub modeling is presented in Section

a}ttention. Distri_buted ger_1e_ration (DG) represents an al_terr“a-l-o find the optimum operational point, Section Il provides
tive for generating electricity (and heat) close to the point 8tailed formulations on the problem. In section IV, the pre-

Qemand._Qne of the keys to the prosperity of fq;sﬂ-fuelled -Sented approach is demonstrated in examples. Finally, section
is the ability to use the waste heat from electricity generatiQi .oncludes and summarizes this paper

raising total system efficiencies up to 90% (higher heating
value) in the best applications. The high efficiencies of such
applications, commonly called combined heat and power
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2. Energy Hub Concept and Modelling The hub consumes electric pow&rand gasP, and provides
energy to its electric loat and its heat loadl,. The hub con-

Some conceptual approaches for an integrated view of traWsips converter devices in order t.o fulfill their energy load re-
mission and distribution systems with distributed generatigH'r_ementS' For energy conversion, the hub contains a CHP

have been published. Besides “energy-services supply vice and a furnace. T_he CHP device couples thg two energy
tems’[10], “basic units’[11], and “micro grids’[12], so-calle ystems at the same time that produces electricity and heat

“hvbrid hubs’, ted, where the t “hvb -f&om natural gas. Depending on the prices of energy and load
T sent the use of multiole aneray canriers/13-141. A enBfofiles. the CHP device is utiized differently. At high elec-

represent the use of multiple energy carriers[13-14]. An enBf°! . he electric load | lied h
gy hub is considered a unit where different energy carriers dgfity prices, the electric load Is supplie BY{P more than

be converted, conditioned, and maybe stored. It representé’%ﬁnal times. The thereby produceq _heat_ s then used_ to
interface between different energy infrastructures and/or lo gpplly the thermal !oad. .At low electricity prices, the electric
Energy hubs consume power at their input ports which is ¢ ad is r_ather supplied d|r_ectly by the electr|C|ty_network and
nected to, e.g. electricity and natural gas infrastructures, g 9asis used for supplying the_ them.‘a' load via the furnace.
prepare certain required energy services such as electrici nee, there are several.ways n which electnc' and thermal
heating, cooling, and compressed air at their output ports [3 o _d ‘?'?ma“ds can be fu_lfllled. This redund_ancy Increases f[he
Energy hubs include two basic elements: direct connecti it ab|||ty_of_s_upply af‘d S|multan_eously proyldes t_he_p033|bll|-
and converters. Direct connections are used to deliver an in ' opt!mlglng thellnput energies, e.g. using criteria such as
power to the output without converting. Converter eleme gst, availability, emissions, etc.

are used to change carriers into other forms or qualities. Some

of these convertors to mentlon are gas turbines, combustion Converter rV\
engines and fuel cells. Figure 1 demonstrates an example of an

energy hub.

The components within the hub may create extra connections Fig. 2. Model of power converter

between inputs and outputs. For instance, the electricity load . o o

connected to the hub in Figure 1 can be met by consuming&@sider a converter device as indicated in Fig (2) that con-
power directly from the electricity grid or generating part Jf€"'S an input energy carrierinto . Input and output power

all of the required electricity from natural gas. This redundaffeWs are not independent; we consider them to be coupled

cy in supply results in a significant benefit, which can be

achieved using energy hubs: Reliability of supply can be en- Lp=Cup X Py @
hanced from the load’s perspective because it is not complete- )
ly dependent on a single supply. Where R and L; are the steady state input and output powers,

From a system point of view, combining and coupling diffefesPectively g is thecoupling factor; it defines the coupling

ent energy carriers show a number of potential benefits op&fween input and output power flow. For a simple converter
conventional, decoupled energy supply. device with one input and one output, the coupling factor cor-

responds to the converter's steady state energy efficiency.
Fig(2).
ettt A general model covering all types of couplings can be stated

ransformer 3 electricity 8
s = : that all power inputs P,P; ,..., P, and outputs L,L; ,..., L,
:1:1:&2:1:1 in vectors and , respectively, enables the formulation of multi-
input multi-output power conversion analog to (2)
o ao Cpa - - - CollP,

L, Cyp Cp - - . Cus || Ps
Natural gas _|- . . . . 2)
Fig. 1. Example of an energy hub that contains an electric transformer, a CHP

and a gas furnace L, Caw . C.. P,

The energy hub is an archetype with no limitations to the size o

of the modeled system. Single power plants or industr Proposed Optimization Methodology

buildings as well as bounded geographical areas such as entire

towns can be modeled as energy hubs. The model of the §ystimal operation of a CCHP system is not easy to achieve,

tem is formulated below. egecially when it has been considered as an element of a sin-

In the system under study, the energy hub represents a gengeaénergy hub. This difficulty arises from this fact that opera-

consumer as a household which uses both electricity and giasial conditions such as the costs of fuel and electricity for

The hub is connected to a large gas network dndelectrici- the energy generation systems and also electric, cooling, and

ty network. heating load demand from a building vary in the time [4]. The
price of electricity changes by the time of day. Suitable opti-
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mization method can increase efficiency of CCHP and ener@g¢ y<1

hub and also decrease operational cost in both cases. 0<B<1 ®)

This paper implements a program that identifies the amount of
; : ; ; <a<l

cooling, heating, and electric energy to be produced in am

energy hub with CCHP system in a time period for a give‘ﬂin{ZiilPe(me(m +P(ng(n +P(n x, +PR(n x} 9)

load.

In contrast to converters with one input and one output, {3 ere:

cogpling' factors are in .gen.eral no !onggr equal to converE%ris electrical load

ef_f|C|enC|es Wh_en considering muIUpIg inputs and outputEﬁ is heating load

Since the total input of one energy carrier may split up to SgV-

eral converters (at input junctions), so-caltispatch factors

have to be introduced that define the dispatch of the total in ) o

to the devices converting this carrier. Consider for instance the IS the transformer efficiency

natural gas input of the hub shown in Fig. 1 that splits up 43 s the boiler efficiency

the gas turbine and the boiler. A factor can be introduced,,,

whereytimes the total input power flows into the gas turbindee

and (1) times the input is converted by the boiler, withyo< /g is the heating efficiency of CHP

<1. In general, each coupling factor contains products of dig¥"® js the efficiency of the absorption chiller
patch factors and converter efficiencies. In the energy hub

equipped with CCHP, besidgs there are two other importantyogay the threat of global warming and climate change has
factors,a andp, that determine how much of generated heateated worldwide concerns. As a result many countries
from gas turbine and boiler streams to the absorption chillegached and signed agreements such as Kyoto in order to re-
Fig. 3 clearly demonstrates factprs1-a and 1B in a single duce greenhouse gas emissions. Hence, &ssion consid-
energy hub system with CCHP and boiler. eration is highlighted as one of the effective factors on power
generation. Based on the social costs of carbon emissions,
assuming that the price of carbon is around $30(US) per ton
e — . (0.03 $ per Kg) which needs to increase with inflation rates
: : [15]. x.and x, are price of carbon in $ per KWh for using

electricity and natural gas as energy hub input respectively and
this factors different from site to site.
g(n) and e(n) are prices of natural gas and electricity for con-
sumers in $ per KWh that varies among different regions.
Note that the feasible region of the optimization problem is
P ; q defined by different constraints. An equality constraint is giv-
----- Sty en by the equation that describes the power flow through the
gas Py hub. Inequalities arise from limitations of the hub’s input
Hteeeteee e e e ee e r e e e st e e s n e enaaeenes : power vector and the power inputs to the individual conver-
ters. The relation between the hub input vector and the conver-
Fig. 3. An energy hub that contains an electric transformer(T), a CCHP(gagy input vector is given (3), (4) and (5). Lower and upper lim-
tmb'”%fg;ﬁﬁﬂﬁgg: g?izi’l‘iﬁgﬁggg(::EQ;g:g g;;ner(s) its of CCHP and transformer rates are defined as (6) and (7)
respectively. Limitation of the dispatch factors, (8), by zero

Optimization of above parameters has a significant effect 8fid One has to be regarded as well.

overall efficiency of energy hub and decrease the operational

cost apparently. 4. Case Study

To investigate optimized value of these parameters, the fohe energy load profiles of a building depend on the climate
lowing objective function has to be minimized which is cons¢onditions. Cities with different climate conditions were se-

is cooling lood
d/u’ta , B are dispatch factors

is the electrical efficiency of CHP

dered the total energy cost for the energy hub system: lected to obtain different building electric, cooling, and heat-
ing load profiles.
L =p P +wcPp These cities are: Minneapolis, San Francisco, and Miami. The
e ”ee e Wge g (3) . . .
model presented in this paper has been applied to a Hotel
L, <(@-pang, +mg" B)P, @ building as an energy hub [16].
— _ B CHP (4 _ Hotels usually operate 7,800 to 8,760 hours year. Most hotels,
L. =(@-na a)qgh T Vg, 1=£) ® particularly larger hotels, have large annual electricity con-
xpciler p sumptions. They also have high thermal needs [8]. This trans-
A : Th Iso h high th I ds [8]. Th

min Max lates into a high thermal to electrical ratio of about 1.2 for the
P, <P <P ©® average hotel [1-8], indicating hotels can beneficially recap-
pmn ¢ p < pMa @) ture waste he_at generated by a CCHP system. The high num-
€ e e ber of operating hours and the rather constant electrical and
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thermal loads, therefore, make hotels great candidates Ifdnotel as an energy hub equipped with CCHP (state 1) then

CCHP system.

the electricity demand includes the electricity needed for lights

In this case study, operational costs of three 100,000 squaresome equipments and natural gas was used as fuel for both
feet hotels as an energy hub are calculated in three differentCCHP and boiler to satisfy the cooling and heating demands.

scenarios:

1. energy hub equipped with CCHP
2. energy hub equipped with CHP
3. energy hub without CHP

In State 2, the electricity demand includes the electricity
needed for lights, some equipment and to power the vapor
compression system to satisfy the cooling demand. Natural gas
was used as fuel for both CHP and boiler to satisfy the heating
demand.

In state 3 (reference case), the electricity demand includes the

To acquire the electric, cooling, and heating hourly loads felectricity needed for lights, some equipment and to power the
hotels in selected cities general information [16] of thesapor compression system to satisfy the cooling demand. Nat-

buildings is presented in Figure 4 , 5 and 6.

140
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12 3 45 6 7 8 910111213 11151617 18 19 20 21 22 23 21
Time[h]
Fig 4. Energy consuption for a hotel in Miami
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Fig 5. Energy consuption for a hotel in Minneapolis
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Fig 6. Energy consuption for a hotel in San Francisco . o
The reference building uses electricity from the grid to satish)€¢ CO2 emission factors for electricity and natural gas for
the electric demand and natural gas to satisfy the heating #§-Cities presented above are listed in Table 1[19].

mand.

https://doi.org/10.24084/repqj09.675

B Llectr,
Wiicating

u Cooling

1416

ural gas was used as fuel for boiler to satisfy the heating de-

mand. In states 2 and 3 the vapor compression system of the
reference case was assumed to have a coefficient of perfor-
mance (COP) of 4.

The costs for electricity and natural gas for the cities described

above are shown in figures 7, 8 and 9.[17-18]

Energy Price(San Francisco)
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—
o
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Fig 7. Energy price in San Francisco
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Fig 8. Energy price in Miami
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Fig 9. Energy price in Minneapolis
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Table 1: Carbon dioxide emissions conversion factors for electricihe cost for the selected cities. The results were obtained using
ard natural gas [kg/kwh] three different objective functions with respect to the three

City Electricity[kg/kWh] gathka'/k . mentioned scenarios in each simulation for each city.
: : asikglkw Figures 10, 11 and 12 depict dispatch factors in scenario 1 for
Minneapolis 0.826 . hci
San Francisco  0.440 0.2 each city.

Miami 0.662 0.2

1.2
Taking in to account that the price of carbon is arounc
$30(US) per ton (0.03 $ per Kg)[15-19] hence as Table 2:
0.8
Table 2: Carbon dioxide emissions conversion factors for electricity

Minneapolis 2.47 0.6
San Francisco ~ 1.32 0.6 02 1
Miami 2 0.6

A 100 KWe generator set was used in the simulation.

The typical energy distribution for internal combustion en-
gines is provided [20]. It shows that 30% of the fuel energy is
converted to heat energy rejected through the coolant and
another 30% of the fuel energy is rejected as heat through th>
exhaust gas. The total efficiency of heat exchangers for th
coolant and exhaust gas is estimated to be 0.85, and the to !
fuel-to-thermal-energy conversion efficiency (i.e., total heat
recovered from the engine) is then calculated to be '
(30% + 30%) (0.85) = 51%. 06
The boiler thermal eff|C|ency/xgh) was assumed to be 90%.

The total efficiency of the cooling components (chiller effi-

ciency) was estimated by considering the Coefficient of Pero.2 -

formance (COP), amount of heat moved per unit of input worl
required, of an absorption chiller and the efficiency of an ai
handling unit.

A COP of 0.7 is used for the absorption chiller and an effi-
ciency of 0.85 is used for the air handling unit. The total effi-
ciency of cooling components is then calculated to be (0.7)
(0.85) *100 = 60%. The total efficiency of the heating compo-
nents is estimated 85% which is an efficiency of the air han-
dling unit. 12
The thermal energy losses due to energy trans
port/transmission in the network are neglected in this simuls

tion because the pipes are well insulated in the facility. 0.8 1

A summary of energy hub elements’ efficiency information
for the algorithm used in the simulation is listed in Table 3.

0.4 -

Table 3:efficiency of hub elements

0.2 +

Efficiency constraint 0 1

transformer efficiency Nee 0.96

boiler efficiency ny %%

electrical efficiency of CHP /7CHP 0.30

heating efficiency of CHP /7§HF' 0.51

efficiency of the chiller n

The results obtained from the energy hub model described in
Section 3 are presented. Simulations with a time step of 1 h
were performed to optimize CCHP operation with respect to

https://doi.org/10.24084/repqj09.675 1417

and natural gas [cent/kwh] 06 1
City [cent/kWh] [cent/kWh] 04 -
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Fig 10. Dispatch factors for a hotel in Miami in scenario 1
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Fig 11. Dispatch factors for a hotel in Minneapolis in scenario 1
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Fig 12. Dispatch factors for a hotel in San Francisco in scenario 1

diler ~ 0.60 Table 4 lists the energy price in each hotel in a day.
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[3]M. Geidl and G. Anderson, "Optimal power flow of multiple energy carri-
er," [EEE Transaction on Power Systems, vol. 22. no. 1, pp. 145 155, 2007.

[4]US department of energy, energy information administration, glossary.
<http://www.eia.doe.gov>.

[5]Strachan N, Farrell A. Emissions from distributed vs. CENTRALIZED

Table 4:Energy price in a day (Ee+Eg)[$/day]

Scenario 1 2 3 generation: the importance of system performance. Energy Policy

2006,34:2677-89.

City [6]Strachan N, Dowlatabadi H. Distributed generation and distribution utili-
Miami 355 418 473 ties. Energy Policy 2002:30:649-61.

Minneapolis 280 299 331 [7] Ackermann T, Andersson , G. Soder L. Distributed generation: a defini-
San Francisco 246 277 323 tion. Electric Power Syst Res 2001;57:195-204

[8]R. Graham and W. Chow, EPRI Project Manager, “Technical and Eco
nomic Assessment of Combined Heat and Power Technologies for Com-

From the results it is obvious for a hotel with more heat de-mercial Customer Applications”, March 2003

mand, installing a chiller worthier than other places. [9]L. Wang and C. Singh,” Stochastic Combined Heat and Power Dispatch

. . sed on Multi-Objective Particle Swarm Optimization” IEEE Conference
This is because since CHP can use wasted hea}t ther_efore tlflgos_ d P
heat can be converted to cooling type by absorption chiller. [10] H. M. Groscurth, T. Bruckner, and R. Kiimmel, “Modeling of energy
Simulation results confirm this matter since e.g. Miami’s hotelservicessupply systems,” Energy, vol. 20, no. 9, pp. 941-958, 1995.
which demands lots of heat everyday has more beneficial g1l Bouwmans and K. Hemmes, “Optimising energy systems—Hydrogen

. . . . " - and distributed generation,” 2nd Int. Symp. Power System Market
eration costs in comparison with other cities with less heat oo s 'Stockholm, Sweden, 2002.

demand. [12] R. H. Lasseter and P. Piagi, “Microgrid: A conceptual solution,” in
Proc. IEEE 35th Annu. Power Electronics Specialists Conf. (PESC),
5. Conclusion Aachen, Germany, 2004.

[13] R. Frik and P. Favre-Perrod, “Proposal for a multifunctional energy
) ) ) ] bus and its interlink with generation and consumption,” diploma thesis,
In this paper an optimal energy dispatch algorithm has been Power Systems and High Voltage Laboratories, ETH, Zurich, 2004.

developed for a CCHP-equipped single energy hub systé%ﬁ].'\"- Geidl, “A greenfield approach for future power systems,” in Proc.

The algorithm provides the operational signals to the Energy, %%rsv%fjséﬂgét’gﬁ{l's(’)lfrzagfg’ 2006.

hub system that results in minimum energy cost for users. Ti “2009 Buildings Energy Data Book” by D&R International, Ltd.
model is formulated based on an energy hub modeling. Thg http://www.eia.doe.gov/oil_gas/natural_gas/info_glance/natural_gas.html

energy dispatch aigorithm has been used in simulations o8 e E o e ection agency, energy star
model of the energy CCHP-equipped epergy hu.b system 3 progrgm,targetfinder.gZ’http://energystarF.)gov/>. geney. ¥
Matlab software. It shows that the algorithm provides the 0pe] 2008 ASHRAE Handbook—HVAC Systems and Equipment, ASHRAE
timal cost throughout the simulation period.

The results from the case study illustrate that absorption cool-

ing may be worth considering if your site requires cooling and

waste heat is available, a low-cost source of fuels is available

or your site needs more cooling, but has an electrical load li-

mitation that is expensive to overcome, and you have an ade-

quate supply of heatEach city has to be analyzed separately

in order to determine how much the use of CCHP systems is

beneficial for this specific locationThe model presented in

this paper can be used to any type of building. However, each

type of buildings have to be analyze and evaluated to deter-

mine the optimize conditions, since the electric and thermal

load will varied depending on the building type and location.
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