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   In order to maximize the efficiency of newly proposed underground energy infrastructures, it is
significant to conduct a simtilation analysis considering the size of the area to be covered and the construction

timeframe of the network. An expansion plan of the underground network, maintaining a proper
combination with the existing aboveground infrastructures can be optimized by the analysis. For this
purpose, a new evaluation index that includes environment or safety aspect as well as initial and operation
cost is required. Also, energy flow management, including valuable energy or exergy evaluation, will be
one of significant factors in further improving the network efficiency. Five cases discussed in this paper

show various features of the existing aboveground infrastructures and the newly planned underground
infrastructures, in the timeftame from 2005 through 2080. As a result, although the discussed evaluation
is mainly based on the energy flow management, it is shown that the proposed evaluation index is useful in
finding out the optimized network plan among the proposed cases, comparing construction cost and Iong-term
operation cost.

                                 1. Introduction

    Optimization of underground energy infrastructures should include a discussion on long-term

flexibility of the infrastructures in terms of new energy utilization, taking into account a proper

evaluation index of energy use efficiency. New energy resources as an alternate to the existing

energy resources need to be discussed during the long-term construction and utilization period of

the proposed systems. This paper describes a necessity of the new evaluation index for energy

use efficiency and proposes an optimization approach.

    Utilization of underground spaces provides more flexibility for us to connect each energy

facility in an optimized manner, as shown in this paper with several representative data and
analysis results' i)-6) . However, the energy network size needs to be carefully discussed prior to

the determination of the long-term plan, based on the energy demand and supply amount. It is

essential to establish and maintain sustainable energy network systems also valuable in the
future.

    This paper discusses a newly proposed evaluation index for the underground energy
infrastructures, taking into account proper energy flow management, reduction of environmental

influences, and improvement of the economics. Exergy, or valuable energy, evaluation
approach is also discussed in this paper, as one of significant factors in establishing a new

optimizing approach for the underground infrastructures. Showing the evaluation results on

several representative network cases, this paper describes the significance of environmental
consideration on the final decision of the long-term planning.

    As a conclusion, this paper shows the effect of the new index as an optimizing evaluation to

find out the properly planned network systems among four network patterns in terms of overall

energy use efficiencies, based on the analysis and discussion of the network case studies.

Also, this paper adds, as another conclusion, a further possibility to expand the exergy
evaluation, which this paper describes as an optimizing approach for the future energy network

systems .
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                      2. Network size and long-term plan

  2.1 Networksize
   As discussed in the paper entitled "Energy Infrastructures and Underground Space
Utilization," the underground network could be effective energy infrastructures to balance energy

demand and supply profile in metropolitan areas. The evaluated network in the paper has a
700km length consisting of five different routes based on the areas to be covered and transfer load

estimation. In this paper, we discuss the size of networks and its effects on the efficiency and

profitability of the network plan. In other words, it is important for the network planner to

find out an appropriate size of the network in terms of economics and construction flexibility.

Therefore, we introduce a network expansion concept referring to the discussed network plan in

the previous paper. Fig. 1 shows four patterns of the network, Network pattern I - IV and

thejr expansion plan.

Network Pattern I :

    As discussed previously, the most active route among the network route is D2-D4. We
selected this route as the first network, Network Pattern- I. This network will be scheduled

to start construction as the first network because of its immediate necessity for networking.

The network length is 19km in total. This route is a part of the bay-area circulation route D.

Network Pattern II :
    Network Pattern ll consists of Routes Al-A6 (Metropolitan circulation route) and Routes

El-E4 (Radiation-shaped routes), in addition to Network Pattern I. After completion of the

Network Pattern ll , the total network length will be 78km. Network Pattern ll covers the

center of the assumed metropolitan area and the bay area.

Network Pattern III :

    Routes Bl-B7 and related radiation-shaped routes E5-E9 will be jointed to the Network
Pattern I[I to cover the larger metropolitan area, consisting of a 182km network length.
Compar.ed to Network Pattern ll , transfer loads of wastes and commercial packages are high, and

                                          converting the ground transportation to the
                               ; underground network could significantly
      ca •cs c4 es        Em Ei3 improve transfer efficiency and environmental
      Ei2 es e6 Ei2 es e6  Ci ,, Ei4 CS ,, Etg conditions of the area covered by this network
    B4 E7 e4 El   El[ A4 sEo C6 Ell AsEg C6   ,, Efi i,: E• A6 e' ,,, E) ,, E6 i, ,, ,, B7 ,, g.a,P!2rn.'ithi.MatnhYi, llgtSjll%,ki'?Citnheer,a,tfi'oO,ne,Pl.tani.i

 C2 ,,, ES ,i2 El 05 C2 ,,, E5 ,",E ol D5 expected that interconnections of each plant

      e ,e      ,, ei ,, ei ' allow flexibility for the operation and
    cl oe cl D6                                          maintenance mode of the plant as well as a
    N.t..,kpatterni ! NetWO"kPatter"ii lilaieCtkw'oUrPkfUpnaCtttieOrnn lv

                                                   Network                                             This                                                           Pattern shows the final

     c" cs s        Em Eio shape of the network. It enables much
  ca E'!B ,, fi ,,, c3 i2e ,, 6 Ei allowance for the metropolitan areas to expand

       77    e cs e ce  E'', ss",, S.,E ,,,, O Ei', 6 i, ,, S,,E ,,, I:2irmfeUtnrCo/rglniiakO. OUt8rhigreraoSutOef tshheowCesntiranOyf

           E1 Cl E AE o5 c2 E AE D5    ,,, o, D3 ,,, D, 03 possibilities as to how the 21st century-city

      ee    ,, oi ' ,, .,m' ,, COUId iMprove and sustain its functions,
                                          balancing with surrounding environment.
    Networkpatternl!I NetworkpatternlV However, because of the total length of the

        Fig.1 NetworKpatternI-IV network will be 700km, a careful study is
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    Fig. 2 Construction and utilization schedule of

          underground networks

required prior to the decision of this network

from the viewpoint of construction techno-
logies, construction period, legislations, land

use or entity to manage this plan, etc. In
this paper, assuming that this network can be

realized technically in the 21st century, the

effect and profitability of the network will be

evaluated and compared with other three Theciosedsystem
                                               (A)network patterns.
                                              p, v,  2.2 Long-termplan s,H,T
    The purpose to prepare four network
patterns is to evaluate the flexibility of this

network plan in terms of construction period Q/To=so-s
and utilization plan. Since we assume that

the center of the metropolitan area needs more Fig• 4
immediate improvement by underground
networks and shows high effects of the networks, the

from the center of the metropolitan towards outer areas,

located in the 21st century if the larger network, such as

future. Fig. 2 illustrates construction plan of Network
(Network Plan I) until completion in 2050 (Network
utilization of Network Pattern I would be started in 2010.

schedule, Network ll, M and IV also will be available in

Fig. 2 also shows the number of local energy stations within

typical long-term plan for the metropolitan areas,assumed '

sections, we discuss the evaluation index and optimization

plan.

                      3.

  3.1 Influence factors
   In order to optimize the underground network patterns,

and utilization schedule, the following three factors will be

energy, is one of key factors in evaluating the efficiency of

discussion includes proposing application of the exergy

evaluation. Various kinds of energy sources need to be

              Current
           - . (acilities

  Neq d,:l:e,rdgy&a,n,dp,E:e,r,{;7fi1, ,raE,nie,r,{y/,a,n,d Ex,e,rEv,y gr

         leiteg,•{,E.,..-n,"gee,s.{.,,aigA-/t:itT•,tLttttl,.' '

        -- Å~
lmprovemenetmo:igx[;s7ntfaCilitieS balanNc.eeWanCdOneCxeePrtgyOfmeannearggtYmentY

             Optimization

Fig. 3 0ptimization of energy balance and exergy
      management for new energy infrastructures

       E=H-Ho-Tc, (S-Sc,) - (P-Pc))V
      Q: Thermal energy transferred from system (B)to system(A)

        '--'-'-'-1 :
:
l
l

Po, Vo l
So, Ho, l

Tol------..J

                 Entropy decrement of the system(B> = P/To
                 Entropy increment of the system (A) = So-S

                           Exergy between system

                     explained network
                        where many city-functions
                       Network Pattern
                         Pattern I - IV
                        IV). Also we
                          According to the construction

                         2015, 2030 and
                          the network patterns
                          m this paper.
                        approach referring

                  '
Evaluation index for optimization

                        taking into account their construction

                          discussed. Exergy, or valuable
                        the network. The purpose of this
                          evaluation to the network-wide
                           analyzed in the network plan.

The reference environment (B), Po, Tt:,

  W : Work

 E=Wmax

      E : exergy
      H : enthalpy
      S ] entropy
      T : temperature
      P : pressure
      V 1 volume
  subscript O : reference state

      (A) and (B)

 patterns will expand

           could be
  N is realized in the

  , starting in 2005

   assumed that the
              work
   2050 respectively.

       . This is a
     In the following

    to this long-term
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Fig. 6 Energy recovery and C02 emission reduction

Therefore, establishment of the evaluation methodology will be very useful in showing how the

network improves the energy demand and supply balances. Quality of energy needs to de
included in the planning analysis.

a. Energy balance and exergy management

    Fig. 3 shows a flow of energy balance and exergy management. Optimum analysis of
energy flow and exergy efficiency is essential to have the maximized efficiency of the energy

network. For that purpose, it is necessary to understand where and how the recovered energy

or exergy will be utilized. Exergy is defined as the maximum work that could be obtained from
the system (A) that is surrounded by a reference environment (B), as shown in Fig. 4. It is

well known that the 2nd law of thermodynamics forecasts an increment of entropy, bringing the

system to an equilibrium status to the surrounding reference system. Fig. 5 schematically

shows that the efficiency of energy utilization will be decreased with time if the reference

environmental system shows entropy increment with time, causing increment in energy source
price. It is also understood that recent global problems in environmental conditions, such as

C02 concentration increment may be one of these phenomena. Since we are focusing on the
metropolitan area in terms of energy use efficiency without major impact on the surrounding

environment, and also because the underground space where the network is constructed in a
closed space, energy and exergy evaluations are both essential, in order to evaluate the remaining

level of value of the energy after utilized in the network systems.

    As an example of energy recovery case study, we assumed an energy recovery from a waste

incineration plant and sewage water treatment system covering residence areas with population of

400,OOO. The treatment capacity of the underground incineration plant is assumed to be 180 K
tons/year (600 tons/day) and the capacity of the sewage water treatment system, to be 73,OOOK

tons/year (200,OOO tons/year). Table 1 shows four cases of energy recovery plan, showing

recovered energy and the amount of secondary waste. Fig. 6 illustrates the calculated results.

Case 1 : Thermal energy recovery plan:

    Energy is recovered and delivered mainly as thermal energy. Only 30/o of the recovered

energy at the incineration plant is converted to electricity, in order to use the electricity for the

plant operation. Energy is also recovered from the sewage water treatment system already
existing above ground. 21,600MWh/year of electricity and 773 Tcal/year of thermal energy

are recovered in this plan. Required underground spaces for the incineration plant and a
thermal energy storage facility are to be approximately 250,OOOm3 and 90,OOOm3, respectively.

Case 2 : Electricity recovery plan at the incineration plan:

   Recovered energy at the incineration plant is mainly converted to electricity with an
efficiency of 15%. The rest is delivered as thermal energy in combination with recovered

thermal energy from the sewage water treatment system. 86,400MWh/year of electricity and
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Table 1 Energy recovery plan from waste treatment facilities

C02emissionreduc-

Model Energyrecovery
Plan

Results
Resources
Savings"

tionperundergro-
undspacevolume
fortheFacilities

Population -Underground (Case1)
:400.000

Wastes

incinerationand
electricity.

generatlon

Electricity:21,600MWh/year
Heat:773Tcal/year
Secondarywastes

81,900
ton/year

O.19ton/m3/year

:180Kton/year withheatdeliverry :73,800m3/year

Sewagewater
:73,OOOKton/year

-Heatrecovery
fromsewagewater
treatmentsystem

(Case2)
Electricity:86,400MWh/year
Heat:717Tcal/year
Secondarywastes

90,300
ton/year

O.22ton/m3/year

-Thermalexergy
173,800m3/year

storagesystem (Case3)

-Interconnections
ofthefacilities

ElectricityI288,OOOMWh/year
Heat:419Tcal/year
Secondarywastes

103,800
ton/year

O.28ton/m3/year

:73,800m3/year

(Case4)
Electricity:86,400MWh/year
Heat:717Tcal/year
Secondarywastes

90,300
ton/year

O.20ton/m3/year

:5,700m3/year

'Calculated as oil equivalent with electricity generation efficiency of 40 0/o and heat content of 10 Gcal/ton.

Table 2 Energy and exergy efficiency ny and ip for the Residential-Commercial Sector in Canada

Product temperature (K) Energy and exergy efficiencies (%)

Device Electrical heating Fuel heating
Electrical heating Fuel heating

n
(iL,

n Åë

 Space hearters

 Water heaters

Cooking appliances

 Clothes dryers

328

350

394

350

328

374

350

100.0

93.0

80.0

50.0

17.1

25.4

22.5

9.6

65.0

62.0

50.0

11.1

14.0

10.3

717 Tcal/year

for the thermal

Case 3: Highly

of thermal energy are recovered.

energy storage facility.

efficient power generation plan:

Underground volume of 70,OoOm3 is

    Efficiency of power generation at the incineration plant is assumed

The obtained electricity is to be 288,OOOMWh/year and 419 Tcal/year

recovered. Underground space for thermal energy storage is estimated to be

Case 4 : Volume reduction with highly efficient power generation plan :

    A volume reduction system such as a slagging system is applied
generated at the incineration plant and dewatered cakes generated at

system, in order to reduce volumes of the secondary waste generation

    It is obvious that Case 3 could save approximately 27% more energy

However, both the balance of electricity and thermal energy required
investment cost for the newly planned energy facilities should be examined

preferable Case.

    Table 2 shows an example of exergy efficiency evaluation
commercial sectors in Canada, aiming at comparison with energy efficiency.

estimated

   to be as high as 45%.

     of thermal energy is
        50,OOO.3.

   to the incineration ash

the sewage waste treatment

amount.
    resources than Case 1.

    in the region and the
     to determine the most

performed for residential-

' Exergy efficiency
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is defined as a ratio of exergy in products and total exergy input. Also, energy efficiency is

defined as a ratio of energy in products and total energy input. Large differences between
energy and exergy efficiency of electricity in Table 2 indicate that electricity looses more valuable

energy in heating of this case. We should recognize a proper energy source to be applied in

order to save energy resources.

b. Environment
    Underground network enables bringing more open spaces within the metropolitan areas where

green belts or parks can be located. Solar panels can also be installed on the open spaces.
Such well-planned urban infrastructures will satisfy required quality of urban life. In the 21st

century, an underground energy network could be a significant part of the city design, because it

provides a beautiful landscape on the surface of the city. It is rather difficult to count this kind

of advantage, however we should note that a comfortable space realized on the surface of the

ground is a key factor in the evaluation as well as such a direct environmental factor as reduction

in NOx, SOx or C02 emission, etc.

c. Safety

    By separating transporting activities to aboveground and underground, current situation that

causes traffic accidents will be significantly lowered. Also, it is believed that underground

shows more safety features than aboveground against earthquakes in some cases. City
functions can be compensated both aboveground and underground. On the other hand, when
people need to go into deep underground, safety simulation or evacuation routes in case of

accidents need to be secured. These factors also should be considered•when an underground
network is optimized.

d. Economics
    Underground space has such an advantage that it enables a straight connection route. This

means distance between two locations can be minimized compared with the route aboveground.
It saves transporting time and energy. Automated transporting system saves labor cost and an

integrated network where various kinds of items share a large network line, as shown in the

previous paper, enables less maintenance cost. Final determination of the network size or
route will be evaluated based on the economic case study, including cost factors derived from the

above a through c. Overall feasibility study is required.

  3.2 Evaluationindex
    Taking influence factors into account, we propose the following evaluation index to optimize

the underground network.

  P : Evaluation Index
  I: Intial Cost (Capital Cost, Construction Cost, etc.)

  O : Operation Cost

        n    o = Åí[o,Å~ [l l ed]n]

        i=1
     O' : Fuel cost

         Labor cost
         Maintenance cost
         Emission compensate cost (C02, NOx, SOx, etc.)
         Insurance cost (Vehicle, labor, etc.)

         Environmental cost
         Highway toolgate cost

         Others
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     n : Operation period

     e : escalation rate

     d : discount rate

                              4. Evaluationresults

  4.1 Networkpatternsandevaluation
   In this section, several case studies are shown in terms of influence factors explained above.
Although all four factors are desired to be included numerically into the evaiuation equation (1) ,

this study mainly focuses on 1) energy flow management, 2) environmental cost and 3) overall

economics of the network including. 1) and 2) throughout the construction and utilization period.

Exergy evaluation should provide more precise evaluation results and suggestions when it is

properly included into the evaluation scheme. Further data acquisition on both energy sources

and utilization plan will help this approach. Within the scope of this study, we performed

investigations to find out profitability of the four network plans based on the three factors

mentioned above.

a. Networkmodels
    Evaluation indexes of four network patterns described in this 'paper have been evaluated
using equation (1) . Details of the network patterns and construction and utilization schedule

were explained in Table 2. The evaluation period is from 2005 through 2080. During this
period, we compared the four network patterns with the current situation case (no underground

network is planned).

b. Results and discussion

   Fig. 7 shows a result of the evaluation. Case 1 represents the current situation case, and

Case 2-5 represent Network patterns I -IV, respectively. The obtained index in billion US$

indicates the necessary cost to maintain transferring activities of targeted items in the areas

covered by Network I - IV. In order to have an equal transfer load for the evaluation, the

same area and transport load were used in all five cases. It should be noted that though the

absolute value of the index result is based on the many assumed data and models to represent the

typical metropolitan area of Japan, it is not indicating any specific idea on the actual construction

or operation cost for any specific area.

   As shown in the figure, because of the construction cost of the network, the effect of the

network appears in terms of some time delays. For instance, Case 2 that represents Network
pattern I utilizing Routes D2, 3, and.4, shows an introduction advantage after 2015, five years

from its utilization start of 2010. Same observation can be found on Case 3 and 4. Case3
became the most profitable case among five cases in 2024 (9 years after utilization start) and 2038

(8 years after utilization start) for Case4 respectively. However, during the evaluation until

2080, Case 5 that represents Network pattern IV (all network routes are utilized) does not

become the best case, even though Case 5 becomes the second profitable case next to Case 4
(Network pattern M) after 2064 (14 years after utilization start) . This is because of the less

transport load along with Route C that characterizes Network pattern IV .

   This less load comes from current distribution profiles of urban functions in the assumed

metropolitan areas. According to the gradual slope of evaluation index with time of Case 5
compare with that of Case 4, it is expected that this case will be the best case in the future. In

case where more transport loads are delivered using this network route C, the city functions can

be expanded smoothly from the center of the metropolitan area towards the outer areas. As
described in the previous paper, this Network pattern IV that includes Route C has allowances in

its transport capacity compared with current transport demands. In other words, this network
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E-

   Fig. 8 shows features of each case until 2020,
(Network pattern III) demonstrates advantages all through the eva}uation period until 2080

   Here, we djscuss the ratio of capital cost and
(B), (C) and (D) show a breakdown of the evaluation

and '2080. In 2020, Network pattern VI starts
construction cost of wider network patterns, 'the

amounts because of improved efficiency. You
network on the transportation activities.

   Fig. 10 show accumulated operation cost comparison
through 2020, 2040, 2060 and 2080, respectively.

the operation cost with environmental cost and without environmental cost

environmental cost exclude the environmental cost such as NO

the evaluation. From this figure, we can see that Case 5 shows the most profitable performance

in terms of transportation activities. The difference of Case 1

the case with environmental cost, and 141 billion

These amounts are comparable with the total assumed construction cost of the network pattern
of 210 billion US$ shown in Fig. 9(C) and 9(D) .

of the case with environmental cost) between the

This means that this case will have many uncertainties

applied, and its operation cost will be impacted

operation cost of Case 5 shows only a 10% difference

value in Case 1 and 5 with and without environmental

billion US$ for Case 3.

    Another observation of Fig. 10 is that the index

environmental cost is already less than the index
This means, Route D2-4, and Route A (the center

the most active areas in the urban areas feature fewer operation cost even when no environmental

costs are added on the transportation activities through

the case using the Network pattern ll shows an

environmental cost. This fact is significant because

stable operation performances for the covered metropolitan

environmental policy. Again, we should note that

   400
 au) 350 "':'"t,J•L,. ,,-..,., ,

 D. 3oo "'""`:tt,-,,,,.
 e- ":d"b.:.:,.},.- M- 250 "t'/-..,,,..., y  or 200 , Z' 150/..

  g loo •• -W'g 50" "f'tT;""""'Å}''{'i' ''";T;L'g/ts:.ajg,"i.i..,• -,,,...,,,,,.,,,.,,.,.A.,,},,in..b,mp,..,-. . 2o2oOsO-5 2-o260o80

                            2005' 2040 Year     o    Case 1                           2005- 2020         Case 2             Case 3                  Case 4                        Case 5           Case
       Fig. 8 Evaluation index for Case 1-5

 pattern covers the area where an immediate

 improvement need is observed. Therefore,

 we can understand that this result is
 reasonably expected.

 2040, 2060 and 2080. As explained, Case 4

                                 .
   operation cost of each case. Fig. 9(A),

     index of the cases as of 2020, 2040, 2060

    its construction. Compared with high
operation cost (transportation cost) shows less

can clearly see the improvement effect of the

     ' among these five cases from 2005
    Each case has two indexes that represent

                    . The results without
         x, SOx or C02 emissions, etc., from

            and Case 5 are 220 billion US$ in

 US$ in the case without environmental cost.

                                     N
   AIso, Case 1 shows much discrepancy (30%

  case with and without environmental cost.
  ' ' for future environmental policy to be

by this uncertainty. On the other hand, the
     . The differences in assumed absolute
     cost are 85 billion US$ for Case 1 and 6

    result of Case 3 (Network pattern II) with

 result of Case 1 without environmental cost.
   of metropolitan circulation route) that cover

     2080 in the current situation. Case 1,

operational advantage in both with and without

     this network construction is providing a

          areas not influenced by the future
    the environmental cost is already included
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in the evaluation results shown in Fig. 9 (A) -

9(D).

  4.2 Optimizationapproach
    Fig. 11 shows schematic concept where
we should aim to reach in terms of energy use

improvement. In the figures, a configuration

of the discussed energy system regarding the

amount of primary energy consumption,
alternate energy consumption and also the
energy conversion efficiency can be plotted.

We assume that as time goes, we would
improve energy conversion efficiency.
Therefore, a vertical axis can be understood

as time, or in other woods, as an
improvement steps of the energy related
system in the area with time, such as
demonstrated in this paper as Network pattern

I - IV. This figure conceptually explains
that an area given on the surface of a plane

made by the axis of primary energy
consumption and the axis of alternative energy

consumption indicates the amount of total
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energy consumption consisting of primary energy and alternative energy at a certain time during

the evaluation period.

    On the figure, point A shows that a relatively larger amount of primary energy is consumed

than alternative energy, followed by point B where a ratio of the alternative energy becomes

Iarger than primary energy. Point B also indicates that total energy consumption is greater

than that of point A as shown on the plane made by the axis of primary energy consumption and

alternative energy consumption, although energy conversion efficiency is improved. This
means social functions of the area are requiring much energy than the time of point A.
Exceeding point B, the goal we should reach is point C where further energy conversion
improvement is achieved and total energy consumption is less than that of A and B. Energy

configuration of Point C has various options in addition to primary energy of point A. An

optimization approach of the underground energy network should include such a philosophy.

We proposed a new evaluation index to optimize the network system, where this approach can be

combined numerically based on the broad data acquisition on the targeted area and a specific goal

of the energy system.

                                  5. Conclusion

    The network patterns I ' IV shown in this paper have been evaluated in terms of influence

factors such as energy balance, environmental impacts and overall economics, using the proposed

evaluation index. Among the network patterns, Network pattern I[E gives the most advantages

during the evaluation period from 2005 through 2080, compared with smaller network patterns I

or ll , and larger network pattern IV. This brings as a conclusion that a proper size of

network, in other words, proPer size of the urban area that the network can cover exists.
Also, the conclusion shows that the proposed index can be utilized to find out such an appropriate

size based on the quantitative data that influence on the network features. The importance is

the planning of the wider network should take into account a longer-time frame where
construction and utilization modes are simultaneously considered, and also new energy systems

need to be included as alternate energy options to achieve further improvement of the network.

Flexibility of the planning is another key factor in the future network planning. Underground

space utilization for the future energy infrastructures can be discussed and optimized by the

planning approach and the evaluation indexes proposed and described in this paper.
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