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1 Introduction

As the information society all over the world i®gting, regions with limited
access to infrastructure will became less anddesgprehensive comparing to
others with better infrastructure. In fact existlngal infrastructure often is a

key criterion for companies while making decisionlocalisation their investments,
because they don’t want to meet any unnecessageeras limitations.

It is becoming more and more important for localggmment not only to invest
in infrastructure, but also to do it in a reasorabay. That's why finding an
evolution path for developing infrastructure (angarticular Internet infrastructure)
is so important. It's obvious, that traditionaldmtet providers will also

invest in infrastructure, but their motivations diferent than local government
may have. They concentrate only on cost analysgy, want to maximise their
profits (or sometimes just minimise costs). Buhdy lead to increasing gap
between highly developed regions (where investinmfprovides point of view is
reasonable) and rural regions will increase. Thay imecome a problem for local
government. Their purpose is to have sustainalgiemal development, what of
course means investing, or at least supportingstnvents in rural regions.
Recently there is a great opportunity to changéhite local government can

get founds from European Union. But it also leadthe problem of choosing
technology or technologies in which they shouldesty and how to reasonably
use available money in few years period. It's noeasy task, while simple
optimisation based on costs is not what they resdigd. It won't lead to the
result they expect. There are also other aspects¢enical, technological, market
and social) that should be taken into account wdteleiding, so problem is
multicriterial in it nature.

While deciding whether to invest local governmérdidd remember, that all
investments in infrastructure and new technologiage in region will finally pay
back: by increasing tax incomes, by attracting oimeestors, and by improving
effectiveness of contacts between companies, pmarnment and people.
Decision local government has to make are notdinaple also because are
taken in a turbulent and full of uncertainties @amment. Technology is changing
so rapidly, that it's difficult to say how it wilevelop in next few years. Which
technologies will be given up, and what new oneajgear. Forecasting future
costs for existing technologies can give false vadwow it will really look like in
few years, and it’s even more difficult to say dmyg about production costs and
time to reach the market of some equipment basdmtanmd new technologies.
Additional, and very important source of uncertgiistforecast of demand. We
have to describe how will it change in time durthg planning period, especially
that for new services for which no past data islalke, and development of new
services is still going on. That is why analysishwa scenario for demands and
cost factors are needed.

A lot of the existing studies concentrate only areaonomic analysis for a given
time period without consideration of market andiglogspects of investments.
Analysis of strategy for network evolution shoukldone with various demand



types and equipment costs. In this article, | fomushe problem of selecting an
optimal evolution path for a broadband access ndétwo

In section 2, | describe actual situation in asagiwhich was chosen for
analysis, and where the results will be used. Aaldlitlly, | describe what existing
technologies and services were taken into accouthis study. In section3, |
present the most crucial parameters in model. @edtipresents what criteria
were used, and section 5 shows what were the eamtstrin section 6, results of
computational experiments are shown. Two finalisaatontain conclusion and
further work.

2 Services and technologies

2.1 Actual situation

In Poland even ten years ago Internet was not palag and existing infrastructure
is not sufficient for new services. Most of peogl#l use narrowband dial-up
modem connections, where maximum transfer spe®@kisps. This is because

of two main reasons: there is no infrastructuredfmadband Internet, and even

if such infrastructure exists, costs for end useesrelatively expensive. It's
because In Poland still exist one big telecommuimnacompany, that has monopolist
position on the market. Especially in the ruralioeg. In urban regions

it is slightly better, because people have possilid use Internet connection by
cable TV providers. But still it is not a true coetipive market. Development of
infrastructure is necessary to create truly infdramasociety, and will also result

in general development of an region. Analysis aexktbped model will be applied in Lodz
region, which is situated in the center of Polavidp of this region is shown below.
On map (Figure 1) parts of region, where Asymmaedigital Subscriber

Line (ADSL) connection is nowadays available arevahnin green. Yellow parts
respond to places, where ADSL connection is justipéd.

It's easy to notice, that in many parts of regith snly possible connection

to Internet is by using analog telephone linesl{dmconnections). And

the situation won't change quickly, while plans ceming developing infrastructure
made by providers are very general, and don't liareel schedule. In fact

provider don’t have any economical motivation tedst in those regions, so those
plans may never be realised.

In urban parts of region most people have possilidi use ADSL (Asymmetric
Digital Subscriber Line) connections, which is oiffig) up to 6Mbps downstream
connections. But a lot of them are still using diplmodel connections



E Possible ADSL connection

Planned ADSL infrastructure

Figure 1: Availability of ADSL connection in region Lodz

while cost of broadband Internet access is for thehigh. ADLS seems to
be a connection good enough for now, but it wilklbslow for new services
that are about to come, like video on demand (V&Dhay also be to slow for
commercial use, while nowadays more and more bssasebase on Internet.

2.2 Technologies

Internet access technologies can be divided intodategories: narrowband access
using dial-up modem technology and broadband astedsas cable-modem,

DSL, and wireless technology. Broadband accessitdapies will eventually replace
the dial-up modem narrowband access technologyeifiuture Internet access
market. However, dial-up narrowband access isdithinant in the Poland

Internet access market and will be for the forelskecfaiture especially in rural

areas. To change this and build high-speed backiot@ccess networks
investments made by local government are necessary.

For broadband services, different types of techgiekbhave arisen based on
copper cable, optical transmission, wireless teldgies, and satellite systems.
Among these technologies, there is no dominantredteve in terms of economic
and technological advantages. Let me roughly intcedsome of them.



Cable modem allows to have the maximum speed ofi@@however, most are
connected at about 1Mbps. Because the cable netvaoekshared by users,
access speeds may decrease, depending on the mifrpleeple accessing the
network. In addition, network sharing raises consaver the security of the
connections employed.

Digital subscriber line (DSL) - this technology ssexisting copper wires for
high-speed data service. High-speed data connsatam be maintained over the
existing phone line, which allows for simultanease of the phone and Internet
connection speeds do not decrease as more usershennetwork, but the major
drawback of this technology is that the quality rdeigs the farther the user is
from the central switching office.

Fixed wireless broadband is referred to as Locdltiptint Distribution Service)
(LMDS) and operates in the 28 and 31GHz bands.dBlte transmission rates
can reach 1.5 Gbps, but actually average at 38 MBWMDS operates in the
2.5GHz band and can reach speeds up to 27 Mbf®e lpast few years, the
popularity of these services has increased, batlfixireless broadband is lagging
behind cable modems and DSL access.

Fiber-optic lines that go directly into users horaad businesses (FTTH -
Fiber-to-the-home / PON - Passive Optical Netwogkgsent another alternative
to broadband access. The speed of Internet coonewter fiber optic lines

far exceeds the speed of broadband available taddySL or cable modem.

The set of alternative access technology architest(l') used in computations
were:

cable modem (CM);

enhanced copper pairs (namely xDSL);

fixed wireless (WiMax);

fibre to the home (FTTH/PON).

It may seems that the best way to provide broadkandces in an access
network is to set up an optical fiber cable to eastr. However, this requires a
huge investment to install the fiber transmissigstesm. With a limited budget it

is not so easy to decide which technology shoulddsel, so this kind of analysis
are necessary. Alternatively for optical fiber, ®obmoadband architectures based
on upgrading the existing access network can bgestigd.

2.3 Services

Demand on certain quality of Internet connectioorggly depend on the way it
is going to be used. Services based on the Intaregtenetrating various areas,
such as an entertainment, education, electronierance, etc., and the demand
for each service is changing gradually from narrambservice to broadband
by the growth of information technology. Additiogakliabitity of connection
(sometimes called quality of service) is becomirgerimportant.



All broadband services can be divided into fourup®y as classified by Antunes
et al. [1]. Set of service categories (S) is créatehe following way:

ES - enhanced services, such as those presendlg bgmarrowband basic
rate ISDN; it includes plain old telephone servjdag delivery, and the
transmission of short images;

ASB - asymmetric switched broadband services, dap#tproviding at
least 2 Mbps downstream and 16 Kb/s upstream; whatbde video on
demand (VoD), file downloads, and high-speed Iregeatcess;

SSB - symmetric switched broadband services, caep#lproviding at least
2 Mbps symmetrically; services like on-line educafilarge-sized file transfer,
and remote medical services can be hear included,;

AS - switched broadband advanced services, gepasfimmetric; having
the capability to offer more bandwidth than ASBS8B for example
interactive TV, HDTV, and CATV can be a typicalgees for AS.

According to the service types, Internet servicévdey requires various rates

of speed. In this article, to estimate traffic vaki we assume that the average
rates of services for ES, ASB, SSB, and AS arekbii8, 2 Mbits, 10 Mbits, and

40 Mbits, respectively.

Several alternative architectures and technoldwgee been suggested for providing
broadband services on an access network. All ses\dan be provided by

few different technologies, | consider CM, xDSL,Mé&x, FTTH (as described

in previous section), but not all of them by eaathhology. Better technologies

can satisfy demand for lower demanding servicesnbuthe other way. Possible
connections are shown on the Figure 2. We seex@mple, the services of ES

or ASB can be provided by any technology, but tim@leyment of an advanced
technology or an upgrade of the existing networéfter SSB or AS services is
necessary. Those kind of possible connections legtwervice types and technologies
are implemented in the model. One of the imporfactors for selecting
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Figure 2: Possible connection between technologiasd services

a broadband access network technology is the detypad, along with their
volume for broadband services. Demand forecadhternet connection will be
created for each service separately.

3 Model parameters

3.1 Costs

To create a model some assumptions have to be i@ageof them concerns
costs. It’s difficult to preciously forecast howsts of existing technologies can
change in time, and what new technologies may appéat of all we have to
divide costs into fixed and variable. First of theancerns installation or extension
of net capacity with certain technology. It meansanly costs of laying

cables (materials and labour) of backbone netwdrlisalso cost of providing

to the end users (access networks). Variable cosisists of maintenance cost
operational costs and costs of necessary repairs.

Both kinds of cost will change in time. In generaith technology improvement,
facility costs may decrease over time; it is veiffiallt to estimate this

decreasing rate for each technology. We assumeadistt should decrease by the
wirate each year as the technology is developed thend will be no rapid
change in production technology, which will causg@nedictable change in costs.
Maintenance costs tend to gradually increase fistiag facilities over time, by



irate as the probability of repairs is increasinthwime. For these reasons, it

is extremely difficult to select the best architeetand technology for an access
network in terms of accommodating broadband semeng several competitive
alternatives.

Very general finding can be made, that better teldgies have higher installation
costs, but maintenance is less expansive thandastwechnologies, so in

time investing in better technologies should pdy e only limitation is, that
sometimes budget constraints are so strong, thiasiimg in better technologies

is impossible.

However, even if a technology is proved to be ogtifar the current environment,
it can be deteriorated by the elapse of time oatheent of new

challenging technologies in the future. That is withis analysis, we concentrate
on the selection of an evolution path for broadbacckss networks.

For computational experiments values of costs auedse/increase rates

were based on article [1]. In further experimemtd practical use of proposed
model actual data about costs will be used.

3.2 Demand forecast

For creating the model demand forecast is neetlesldéfined as desired demand

level for each service type and for each time per@emand forecast has to be

made separately (it and was not a part of thisareb¢ and it is a big source of
uncertainty. | assumed to have it's values anddonputational experiments |

use values given for Korea in [1]. In later worlklrdata will be used. Demand
forecasts for chosen region will be estimated biidsal Institute of Telecommunication,
Advanced Information Technologies Department. It base on data

concerning actual situation in the region. It widle values like:

Information about the area ( area size, populgtimmmber of small companies,
number of medium companies, number of large congganiumber
of schools, number of municipality offices, numb&households )
Services and their demanded capacity ( minimal deled capacity, downstream
capacity, upstream capacity, capacity)
Services to use by various types of clients ( iitilial clients/ office staff,
intensive individual clients, management, managémelarge company,
office security/ company security, school staff)
Information about companies ( percent of varioges$yof clients in various
companies, percent of small companies which wahate Internet access,
percent of medium companies which want to haveeteaccess, percent
of large companies which want to have Internet sg)ce
Information about clients ( percent of household womputer, percent
of households which want to have our broadbandneteaccess, percent
of households with intensive users)
Congestion rate ( congestion rate for individugrdis, congestion rate for
companies, congestion rate for security)

The only possibility to reduce uncertainty of demh&orecast is to use more

detail data about the region. To have those datatogunnaire should be done,
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but it would create additional costs. So it's adkof trade off between uncertainty
and costs. Decision what is more important beldadscal government.

4 Criteria

As the goal of investments planned be local goventris sustainable regional
development, it is significant to find a way of mgeng it, and evaluating if
those measures can be used in model (as a crifBoi@hoose criteria experience
from UNDERSTAND European project (European RegiohNDER way

toward STANDard indicators for benchmarking infotioa society) where taken
into account. But as we don’t have such detail datactual situation in the
region using similar criteria is impossible. Theeed to be used higher level of
aggregation. Additionally having such detail datand give too many criterion,
and analysis of the model would be difficult. tlear, that having those kind of
analysis at the beginning and at the end of planperiod would give significant
information on the results on investments, butit oot be used to create model.

To formulate optimization problem, | define follavg variables:
SD, - Satisfied demand for service s at time t by tetbgy i

UsD. - Unsatisfied demand for service s at time

Z: - Supply of technologyat timet (cumulated capacity of technologgt
timet)

Y:- Amount of technology installed at timet

In created model chosen criteria are:

1. Maximum unsatisfied demand - the maximum in tinféedence between
demand forecast (trajectory) and satisfied demah. criterion will be
counted both for each service separately and fsealices together. With
3 services it gives 5 criteria (4 + 1). Maximum ainsfied demand should
be minimised (satisfied demand should follow trayeg of forecasted demand).

It is represented for each service as:
111;1.};[I.-".:?D;] s S, 1)

and for all services together:

)

max( 111;-1:;11: [7sD')),
p s)

where UsD denotes unsatisfied demand.

2. Participation of technologies with higher possitdpacities in total amount
of available subscriber lines. It can be also @eats the degree of modernisation,
as a surrogate for the quality of service quantdythe number
of lines supporting new services and weighted Hesrability coefficient.



With every technology i we associate a coefficrmndlescribing level of
technological advancement for technology. This petar additionally may
represent preferences of decision-makers. Thisguwssibility for sensitivity
analysis for different preferences of local goveenm This criterion is

to be maximised.

ModLvl =Y > Y #my @3)

il t€THD

3. Total costs, which should be minimised. Even witreg budget costs
should be minimised. Having them as a criterioovalus to change their
aspiration and reservation levels, what gives answihe question how
will other parameters change with the change ofjetidrotal cost is composed
of fixed cost, variable cost, and the compensatmst of unsatisfied
demand. The compensation cost for unsatisfied ddroamesponds to the
demand not supplied by the appropriate technolbglyearequest time
owing to the shortage of capacity. We have to cerdhe trade-off between
the investment cost for accommodating a few broadltiemands
and the compensation cost for unsatisfied demantteeinetwork evolution
plan. When unsatisfied demand occurs, it may neglgtaffect the
regional developmentsdienotes cost coefficient for unsatisfied demand.

0= Y YVieat ¥ S Zeht ¥ L UD Ly
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5 Constrains

The experiments | carried out considered severadtcains. Some of them come
out of the problem representation, and some resfwphysical or logical limitations
of technologies or investments.
One of the very basic but important constrain & tince technology i is
selected at year t, it should last for the planmiagod T. Other important
constraint, that is not given directly, is possibtenbination of technologies and
services.
Satisfied demand for all services s by certainetdgy i can not exceed
available capacity (existing and possible exter)ysodihis technology in that
time period. This means that there must be enoaghaty of technology, to
satisfy demand, or demand will be unsatisfied.
0.0 < 2t — SDi, iclI, tcTh
- SEZJ;S':' " (5)

Capacity of technology can be extended by a ceammiounts of subscribers
circuits (IG - unit installation capacity), or it's multiple. Ehconstrain is to
avoid too small investing, because for small inwesits installation costs are
much higher, and it doesn’t make much sens todagfample 10m of cable to



extend technology for few more users. It can bétenias:

ZP4Y!I«IC;=2Z¢ icl, teTh, peTTp, ()

where IC is installation capacity,”4s cumulated capacity from previous

time period, and Yis the amount of technologythat is being invested in tinte

Installation and extending technology takes tinoeinsevery time period there
is a limitation on how much can be certain techgglextended.

Y! < MaxExt; ic I, t<Th 0

whereMaxExt is maximum extension of technologin one time period.

With every investment plan there is associated budgnstrain. We assume
that total cost can not exceed certain level, buthalysis we set higher budget
what we actually have. It is because sometimediadédl funding can be found.
Real limitation can be done by setting approprésgiration and reservation
levels, as total cost is one of the criteria. Theservation point represents funds
local government will have for sure, and aspiraterel represents all possible
funds, including any possible additional resources.

Z Z};—f * g + Z Z Z! % hy + Z Z UsD:  fo < budget

t=Th0 ] teThi 12l t=ThD se5

6 Results

Simulations were made with Multi-Criteria Model Aysis Tool (MCMA) [3],
while input file with model specification and paratars was prepared with use
of Structured Modeling Technology Framework (crdatellASA in Integrated
Modeling Environment project). Necessary paramdikescosts and demand
were based on [1]. In near future analysis onaadlactual data are planned.
Preliminary results are shown on the figure bel(&¥gure 3).

(8)

12
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Figure 3: Results of analysis with MCMA (ISAAP)

For each of those graphs represents achievemesttdaonValues from the

range (0,1) can be interpreted in terms of theyflumembership functions. Those
values represents whether certain point belongspaation (value 1) or reservation
level (value 0) in the space of criteria. Initi@lyes of those points are an

Utopia and approximatidof Nadir points by creating vectors composed of the
best and the worst values of the criteria in ttieieht set. For criteria that are to

be minimised curve is decreasing, and increasingiiximisation. During model
analysis reservation and aspiration points can deedh to suit preferences of
decision-makers. Pareto solution is marked as &vdat for every criterion.

Ywhile finding real Nadir for problems with more thewo criteria is difficult, if possible



Figure 4: Results of analysis with MCMA (ISAAP) - tianging aspiration and reservation points

Preliminary analysis were carried out with changagh criterion separately,

to analyse sensitivity of Pareto-solution to itdavere shown on Figure 4. Point
number O responds to Pareto-solution before amyitidl aspiration and reservation
points was moved. First reservation point for totzdt was set to 500000$.

Point number 1 responds to this situation. As yan rotice this change resulted

in large decrease in modernisation degree (Modlaviyi maximum unsatisfied
demand grown dramatically. It's consistent withuition. Similarly was when

then reservation point for modernisation degree maged to value 5000 (points
number 2). Costs and maximum unsatisfied demamdfis@gntly increased. Interesting
results were when reservation level for maximumatisBed demand

for all services were moved to 100 (points numBieBly relatively decrease

in modernisation degree and slightly higher totsdt@ave a big improvement in

14
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maximum unsatisfied demand for all services.

Of course in practical use aspiration and resesmgipints for all services will

be changed in the same time, according to the @rates of decision-makers (in
this case local government of region Lodz).

Additionally very basic sensitivity analysis forarges in technology costs
where done. Pareto solution to the same probletnyibin higher costs of

FTTH technology were compared to the previous oResult is shown in the
table below.

time CM xDSL WiMax FTTH
1 0 0 0 12
2 0 0 0 7
3 0 0 0 7
4 0 0 0 4
5 0 0 0 5
6 0 0 0 2
7 0 0 0 1
8 0 0 0 0
9 0 10 20 0

Table 1: Investments in technologies in time

Values in tables represent amounts of unit ingtatlacapacities to be build

in specific year. In both cases budgetary limitagiavere not strong, so it was
possible to invest in FTTH. It is significant thad matter the cost it is reasonable
to invest in the best available technology, ang anlthe end of the planning
period invest in other technologies, to satisfyrés of demand. But higher cost
of certain technology result in smaller investmentthis technology. It would
definitely change with stronger budgetary limitaso

7 Conclusions

Biggest advantage of my model comparing to modetsiibed literature is that
not only costs are taken into account while finditageto solution. Additional

time CM xDSL WiMax FTTH
1 0 0 0 19
2 0 0 0 0
3 0 0 0 0
4 0 0 0 0
5 0 0 0 0
6 0 0 0 0
7 0 0 24 0
8 0 23 29 0
9 70 50 30 0

Table 2: Investments in technologies in time withigher cost for FTTH

parameters can help in selecting solution for lgoalernment.
From the results | recived | can say that modebigct, and with the real data
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it can be used in practice. For selecting the teldgy for a broadband access
network, the most important factors are the denfantroadband services and

the facility costs for the selected technology.eXxact values of those factors are
not known, and they can be only forecasted basexttal data it is significant

to make sensitivity analysis for each of them. Raayithose uncertainties would
envolve additional costs.

The development of an optimization tool to analymeevolution path for a
broadband access network is required to aid isé¢fhexction of the best technologies
under uncertain demand and facility costs varyiith time. Preliminary

results of computational experiments showed FTTHId/be the best alternative
technology to connect end users to Internet. AlgioeTTH is the most efficient
means to deliver broadband service, it requiregssivie investment cost

and lengthy time to complete the network. Withnaited budget investing only

in FTTH may be for local government infeasible osileer technologies can be
suggested as an alternative. But true decisionsiéi@ done by local government,
as they can confront their needs and expectanteandlysis made with

this model.

The model has been developed in collaboration WASA.
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A Appendix - SMT model documentation

Internet evolution path model

Acronym: model mks

Author: Magdalena Kaska, email: kaska@iiasa.atogtr(; kaska)
Model status: imported

Created on: 19-AUG-06 05.39.04.055000 PM

Last modified on: 20-AUG-06 02.50.25.571000 PM

Model specification generated on: Sun Aug 20 1%14£006

A.l Indices and Sets

A.1.1 Indices

i - Index of technology

S - Service index

t - Time index

p - Previous time period (alias of the indgx

A.1.2 Non-indexed sets

|, composed of indices- Index of technology
T, composed of indicds Time index

S, composed of indices- Service index

TO , composed of indicds t =0

ThO , composed of indicas t ne 0

A.1.3 Indexed sets

IS, 1 S, composed of indices- Possible services s for certain technolbgy
TTp, | T, composed of indicds Previous time period

Sl 1 I, composed of indicds Possible technologiedor service s

S

A.2 Entities

A.2.1 Constants

zero= 0.00e+00 - value of zero
one= 1.00e+00 - value of one
infty = 1.00e+37 - a representation of infinite number
infty = -1.00e+37 - a representation of negative irdinimber
tol6 = 1.00e-06 - a typical tolerance



A.2.2 Parameters

Dst- Demand (desired level)
Zero tolerance: 1.00e-06, type: real
Bounds:

0.0 £ Dst

ICi - Installation capacity
Zero tolerance: 1.00e-06, type: real
Bounds:

0.0 £ ICi

budget- Given budget
Zero tolerance: 1.00e-06, type: real
Bounds:

0.0 £ budget

MaxExt- Maximum possible extension of technology i in ¢inge period
Zero tolerance: 1.00e-06, type: real
Bounds:

0.0 £ MaxExt

gi - Installation cost
Zero tolerance: 1.00e-06, type: real
Bounds:

0.0£ g

hi - Maintenance cost for technology i
Zero tolerance: 1.00e-06, type: real
Bounds:

0.0 £ hi

fs- Compensation cost for unsatisfied demand forisers
Zero tolerance: 1.00e-06, type: real
Bounds:

0.0£fs

mi - Modernisation level (parameter) associated vatthhologyi
Zero tolerance: 1.00e-06, type: real
Bounds:

00Em

Z0i - Supply of technology i at time O
Zero tolerance: 1.00e-06, type: integer
Bounds:

0.0 £ Z0Gi

9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)
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A.2.3 Decision variables

Yit- Amount of technology i installed at time t
Zero tolerance: 1.00e-06, type: integer
Bounds:

0O0£VYiil I, t1 ThO

A.2.4 Outcome variables

TC- Total cost
Zero tolerance: 1.00e-06, type: real
Bounds:

0.0£TC

MaxUsDs- Maximum unsatisfied demand for service s
Zero tolerance: 1.00e-06, type: real
Bounds:

0.0 £ MaxUsDy, sl S

ModLvl - Degree of modernisation associated with thelaviity of service
Zero tolerance: 1.00e-06, type: real
Bounds:

0.0 £ ModLvl

MMaxUsD- Maximum unsatisfied demand
Zero tolerance: 1.00e-06, type: real
Bounds: (none)

MMaxUsD

A.2.5 Decision-outcome variables
(none)

A.2.6 Auxiliary variables

SDst- Satisfied demand
Zero tolerance: 1.00e-06, type: real
Bounds:

0.0£ SDst, i | I,s1 Stl ThO

UsDst- Unsatisfied demand
Zero tolerance: 1.00e-06, type: real
Bounds: (none)

UsDst sI Stl ThO

Zit- Supply of technology i at time t
Zero tolerance: 1.00e-06, type: real
Bounds:

(18)

(19)

(20)

(21)

(22)

(23)

(24)
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00£ Zt, il I,tI T

UsDplust- Non negative unsatisfied demand
Zero tolerance: 1.00e-06, type: real
Bounds:

0.0 £ UsDplusy, sl Stl ThO

A.3 Complex relations

A.3.1 Assignments

deflkt- Unsatisfied demand (difference between desiredsatisfied demand)
Zero tolerance: 1.00e-06

def2- Total cost definition
Zero tolerance: 1.00e-06

def3- Definition of degree of modernisation
Zero tolerance: 1.00e-06

A.3.2 Constraints

constrk - There must be enough capacity of technologyatisfy demand
Zero tolerance: 1.00e-06

constrayp - Supply of technology capacity
Zero tolerance: 1.00e-06

constrd - Max. possible extension of technology i at time t
Zero tolerance: 1.00e-06

(25)

(26)

(27)

(28)

(29)

(30)

(31)
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constr4- Budget constrain
Zero tolerance: 1.00e-06
TC £ budget

constrst- Maximum unsatisfied demand for service s
Zero tolerance: 1.00e-06
0.0 £ MaxUsDy UsDstsl Stl ThO

constrg- Definition of MMaxUsD
Zero tolerance: 1.00e-06
0.0 £ MMaxUsD MaxUsD s| S

nonNegUsx- Max (0, UsD)
Zero tolerance: 1.00e-06
0.0 £ UsDplust UsDst sI St1 ThO

constrZ@ - Initial value of Z (time = 0) for each technology

Zero tolerance: 1.00e-06
Zie=Z0ii | 1,t1 TO

A.3.3 Implied constraints

Piece-wise linear functions
(none)

MIN/MAX operators
(none)

(32)

(33)

(34)

(35)

(36)

(37)
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