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SUMMARY

In aquiferthermalenergy storage (ATES)installations,groundwater is

circulatedbetween an aquiferand heat exchangersvia a well field, lt is

often necessaryto softenthe water to preventcarbonatescaling in pipes,

, heat exchangers,and well screens. Most ATES projectsrequiringwater

softeningwill be best servedby using syntheticion-exchangeresins.

• The size of the resin beds, the resin regenerationcycle, and the amount

of NaCl brine used in each regenerationdepend on severalfactors. These are

I) the chemistryof the nativeground water, 2) allowableresidual hardness

after softening,3) the maximum flow rate of water through the ATES plant,and

4) exchangecharacteristicsof the resin. Examplecalculationsare given for

a three-bedwater softeningsystem.
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INTRODUCTION

In aquiferthermalenergy storage(ATES)systems,ground water is

circulatedbetweenan aquiferand heat exchangersvia a well field. Carbonate

scaling in heat exchangers,piping, and wells screensis often a problem. One

solutionto the problem is to softenthe water before it is heated by

replacingdivalentcations ("hardness"- principallyCa_ and Mg.+)that can

, precipitateas carbonateswith Na+, whose carbonatesalts are highly soluble.

The intentof this report is to illustratea straightforwardmethod for

designinga water softeningplant suitablefor an ATES system. This report

was preparedby PacificNorthwestLaboratory(a)at the requestof the Inter-

nationalEnergyAgency (IEA). The U.S. Departmentof Energy representsthe

UnitedStates in the IEA for Annex VI, which is the IEA task for researchand

developmentin ATES.

Softeningis commonlydone using syntheticion exchangeresins. The

resins are chargedwith Na+ at the exchangesites. Then, hard water is passed

througha bed of the resin beads, and the divalentions of the water are

exchangedfor sodium from the resins. When the resin is depletedof

exchangeablesodium,it can be regeneratedby contactwith a strongNaCl brine

solution,which replacesthe divalentcationson exchangesites with sodium.

The spent brine solution is usuallydiscarded.

The amountof resin used, the numberof resin beds, the regeneration

cycle,and the amountof NaCl needed in each cycle depend on severalfactors.

These are I) the chemistryof the nativeground water, 2) allowableresidual

hardnessafter softening,3) the maximumflow rate throughthe ATES plant, and

4) the exchangecharacteristicsof the resin itself.

The exchangecapacityof a resin may be expressedas the weight of

exchangeablesodium per unit volume of the resin bed, or as the CaCO3

equivalentof the sodium. In design practice,however,the maximumexchange

capacity is never used. To do so would yield unacceptablyhigh effluent

(a) PacificNorthwestLaboratoryis operatedfor the U.S. Departmentof
Energy by BattelleMemorial Institute.



hardnessas the capacityof the resin bed approachesexhaustion. Similarly,

the resin is not fully rechargedwith Na+ duringregenerationcycles in order

to minimize NaCl consumption.

If intermittentflow throughthe softenersystem is acceptable,a design

using a single resin bed can be employed. That is, if softenedwater is only

needed (for example)during the day, the bed can be regeneratedat night.

Similarly,a single-beddesign could also be used if a suitableamount of

softenedwater could be storedseparatelyfor use during regenerationcycles.

However,ATES systemswill typicallybe best served by a multi-bedsoftener

designed specificallyfor uninterruptedflow of softenedwater.

In multi-bedsystems,one bed can be regeneratingwhile the others are

on line. As few as two beds can be used, and three-bedsystemsare common.

In a three-bedsystem,two on-lineresin bedswill operatein parallel,so

each must be capableof handlingone-halfof the maximumwater flow rate.

In additionto the introduction,this reportcontainssectionsproviding

examplecalculations,conclusions,and references.



EXAMPLECALCULATIONS

The followingexamplecalculationsare based on the water chemistryand

flow rate of the ATES system installedat the St. Paul campus of the

Universityof Minnesota. The originalbid specificationsfor this project

• requiredI) a three-bedsoftenerdesign suitablefor continuousflow at 1140

L/min, and 2) beds that could each treat at least 273,000L before requiring

regeneration.
,t

WATER CHEMISTRY
i

The total hardnessof the water is 210 mg/L (calciumand magnesiumas

CaC03),based on the followinganalysis (exceptpH, all shown as mg/L CaC03):

Calcium 130
Magnesium 80
Sodium 5
Iron 0.9
Sulfate 9
Chloride 11
Alkalinity 195
pH 7.15

The efficiencyof the resin in removingdivalentcationsdepends in part

on the total electrolyte(TE) strengthof the water to be softened. In this

case, the TE is calculatedto be 216 mg/L (equalto the sum of the CaCO 3

equivalentsof the cations).

In the water treatmentindustry,it is customaryto use the calcium

carbonateequivalentsof aqueousconstituents,as illustratedabove,to

simplifycalculations. However,analyticaldata are most often received in

conventionalunits of mg/L. Further,treatmentof the data is sometimesbest

facilitatedusing units of meq/L (e.g.,a Stiff diagram). Table I lists

" conversionfactorsfor commonground-waterions.

TANK SIZE

Water percolatesthroughthe resin bed by gravityflow, and the maximum

flow rate is controlledby the surfacearea of the resin bed. Table 2 shows

the useableserviceflow rates for cylindricaltanks of variousdiameters.



TABLE I. Factorsfor ConvertingConcentrations(in mg/L) of
Common Ground-WaterConstituentsto the CaCO3 Equivalent
and to meq/L

Substance For CaCO.equivalent To convertto meq/L
In mq/L multiplyby divide by

Calcium 2.50 20.0
Iron (III) 2.69 18.6
Iron (II) 1.79 27.9
Magnesium 4.I0 12.2
Manganese 1.82 27.5
Potassium 1.28 39.1
Sodium 2.18 23.0
Bicarbonate 0.82 61.0
Carbonate 1.67 30.0
Chloride 1.41 35.5
Sulfate 1.04 48.0
Fluoride 2.63 19.0

TABLE 2. MaximumServiceFlow Rate Per SofteningTank (0.76-bed depth)
(AfterNalco ChemicalCompany1979)

Tank Diameter (m) Flow Rate (L/rain)

0.9 210
1.2 380
1.5 610
1.8 1020
Z.1 1170

Inspectionof the table shows that 1.5-m-diametertanks will sufficefor

a three-bedsystemat 1140 L/min total flow, with one tank out of service for

regeneration.

REQUIREDRESIN VOLUME
pm

At 1140 L/min,the volumeof water processedeach day will be

1.64 x 106 L. Each resin bed must be capableof softening273,000L before

regeneration,which is one-sixthof the daily volume. At 210 mg/L hardness,

the total daily serviceload is

1.64 x 10s L/day x 210 mg/L - 345 kg CaCO3/day



That is, each bed must have a capacityof 57.5 kg CaCO3 (one-sixthof the

daily total load).

Table 3 shows the performanceof a typicalmodern resin. Note that both

the exchangecapacityof the resin and the residualhardnessof the effluent

vary with the amountof salt used to regeneratethe resin and with the total

. electrolytestrer,gth of the raw water. For the presentexample,assumethat

the resin has been regeneratedwith g6 kg NaCl per m3 of resin. By extra-

polationfrom the table, the residualhardnessin the effluentwill be 0.4 to

1.6 mg/L. Also from the table, the capacityof the resin will be 46

kg/m3. Therefore,the volume of resin needed for each bed is

57.5 kg/46 kg-m"3= 1.26 m)

In a 1.5-m-diametertank, that amount of resin would create a bed 0.71 m

deep. However,the resin manufacturerstatesthat the bed must be at least

0.76 m (30 in.) deep to performproperly. Therefore,the volumeof resin used

is recalculatedto be

1.26 m3 x (0.76m / 0.71 m) = 1.35 m3

The capacityof each bed is also recalculatedas

46 kg/m3 x 1.35 m3 - 62.1 kg.

TABLE 3. Effectof the Amount of Salt Used for Regenerationand Total
Electrolyteon Resin ExchangeCapacity and ResidualEffluent
Hardness (AfterNalco ChemicalCompany 1979)

Salt Appliedfor Regeneration
(kcl/m3)

96 128 160 240

ExchangeCa_Dacity
, (kg CaCo3/m°) 46 53 58 69

EffluentHardness

(mg/L as CaCo_)
100 mg/L TE- 0.I - 0.3 0.1 - 2.0 0.I 0.I
250 mg/L TE 0.5 - 2.0 0.5 - 1.0 0.3 - 0.5 0.1 -0.2
500 mg/L TE 3.0 - 6.0 2.0 - 4.0 1.0 - 3.0 0.5 -1.0
1000 mg/L TE 12.0 - 25.0 8.0 - 15.0 5.0 - 10.0 2.0 -4.0



REGENERATIONSCHEDULE

At the total daily load of 345 kg of hardness,and with a 62.1-kg

capacityfor each of the beds, the servicedurationfor an individualbed is

62.1 kg/345 kg-day-I= 0.18 day

That is, a bed will be taken off line and regeneratedevery 4 h and 20 min,

for an averageof 5.6 regenerationcycles per day.

For each regeneration,the amount of NaCl neededwill be

96 kg/m3 x 1.35 m3= 130 kg NaCl (as a strong brine)

DECREASINGTHE RESIDUALHARDNESS

The residualhardnessin the effluentis not constantduring the

softeningcycle. In the exampleabove, it was noted that the residual

hardnesswill be within the approximaterange of 0.4 to 1.6 mg/L (as CaCO_).

lt is possibleto both decreasethe residualhardnessand increasethe

practicalexchangecapacityof the resin bed by using more NaCl during the

regenerationcycle. The followingexampleillustratesthis.

By increasingthe amount of NaCl used for regeneratingthe resin to 240

kg/m3 (see Table 3), the exchangecapacityis increasedby 50% to 69 kg/m3.

Further,the residualhardnessis reducedto 0.2 mg/L or less.

Becausethe total flow is still 1140 L/min,the tank diameterremains

the same at 1.5 m. Also, the bed depth must still be 0.76 m for the resin to

properlyperform. Therefore,the volume of resin remainsthe same, but the

capacityof each bed becomes

69 kg/m3 x 1.35 m3 = 93.2 kg

Thus, the service duration for a bed is j,

93.2 kg/345 kg-day"1 = 0.27 day

A new cycle of regenerationwill thereforebe needed every 6 h and 30 min, for _

an averageof 3.7 regenerationcycles per day.

In the first example,with 5.6 cycles per day, the amount of NaCl used

is



5.6 day-Ix 130 kg = 728 kg/dayNaCl

In the presentexample,with 3.7 cycles per day, the amount needed is

3.7 day-Ix 324 kg = 1199 kg/dayNaCl

Thus, as these examplesshow, increasingthe performancefrom a minimum

. 99.2% hardness removalto a minimumof 99.9% removalwas accompaniedby a 65%

increasein NaCl consumption.



CONCLUSIONS

The steps requiredto design a three-bedwater softenermay be

summarizedas follows:

I. Obtain a chemicalanalysisof the water to be treated• The list of
. parametersmeasuredshould includepH, alkalinity,sodium,potassium,

calcium,magnesium,chloride,and sulfate. (At normalground-waterpH,
assume that all alkalinityis as bicarbonate•)

" 2 Convertthe analyticalresults (exceptpH) to the CaCO_equivalents The
sum of the cations shouldequal the sum of the anionswlthln 5% relative
error. If the differenceis greater,more detailed analysiswill be
requiredto determinewhat other chemicalspeciesmay be present.

3. Add the divalent cationsto obtain total hardness. Add all of the
cationsto calculateTE.

4. Choose a maximum allowableeffluenthardness (beyondthe scope of this
report),then use Table 3 and TE to choose the amount of NaCl used in
regeneration,in terms of kilogramsof NaCl per cubic meter of resin,
and to determinethe exchangecapacity. (NOTE: Table 3 provides
"typical"resin characteristics,but it is best to obtainperformance
data for the actual resin that will be used.)

5. Divide the maximumATES plant throughputby 2, and use Table 2 to
determineminimumtank diameter. Assuminga cylindricaltank and a bed
depth of 0.76 m, calculatethe bed volume:

Bed volume in m3 = _ x 0.76 m x (0.5x tank diameterin m)z

6. Determinethe total capacityof each bed:

Total capacity in kg CaCO3 = Bed volume in m3 x Exchangecapacity
in kg CaCO3/m3

7. Calculatethe daily hardnessload:

Total CaCO3 in kg/day= Water hardnessin mg/L x flow rate
in L/min x 0.00144

A

8. Calculatethe number of regenerationcyclesper day:

. Cycles per day = (TotalCaCO3 in kg-day'I/bedcapacityin kg CaC03)

9. CalculateNaCl usage:

NaCl in kg/day= Cycles per day x bed volume in m3 x NaCl requirement
in kg/m° from Table 3



In modern water softeningsystems,bed switchingand regenerationare

controlledautomatically. The only manual requirementother than periodic

inspectionand maintenanceis to keep the brine tank chargedwith NaCl. On-

line sensors and alarms are availablefor monitoringliquid levels,flow

rates, and chet_icalparameters.

As the foregoingexamplesshow, the physicalsize of resin tanks needed

for a particularapplicationdependson the flow rate that the bed will be

"oquiredto handle. The number of tanks neededand he regenerationschedule

ar_ dependenton resin capacity,raw water chemistry,and the demandschedule

for softenedwater.

The qualityof the softenedeffluentcan be controlledby varyingthe

amount of NaCl used to regeneratethe resin beds. Becauseprocurementand

handlingof NaCl is the major operationalcost of a softeningsystem,it is

importantto determinethe qualityof effluentthat will be actuallyrequired

for the ATES system.

Disposalof the spent brine needs to be considered. Its principal

contentswill be a mixtureof dissolvedsodium,calcium,and magnesium

chlorides. While these salts are chemicallyrather innocuous,large amounts

of saline solutionmay present a disposalproblem. In some cases it may be

practicalto remove the Ca++and Mg++ (by precipitationwith lime and soda ash)

and to recycleth,,brine for regeneration(NalcoChemical Company1979).

Finally, it is possiblethat the hardness(but not the TE content)of

water withdrawnfrom the aquiferwill not be constant. The volume of aquifer

that is usec_for storageof thermallyalteredwater may be consideredas a

large cell or storagevesselhaving an output of ground water and an input of

softenedgroundwater. The effect of recirculatingthe water will be a net

increaseof sodium,and net decreaseof divalentcations,within the aquifer.

This tendencyfor a net change in water :hemistrywill be opposedby the

naturalmovement of nativeground water throughthr storagecell, and may also

be opposedby interactionsbetweenthe softenedwater and minerals.

Modeling,based on knowledgeof aquifermass transportcharacteristics

and of ATES plant operatingcycles,can be used to anticipatea net change in

10



water hardness. From the standpointof softeneroperation,this is not

strictlynecessary,becausethe resin beds will performcorrectlyas long as

they have been properlydesignedwith respectto untreatedground water.

However,to minimize NaCl consumption,the durationof the servicecycle of

the resin beds should be lengthenedwhen possible. To do this effectively,it

is necessaryto monitor the hardnessof the water going into the softeneras

well as the effluent. These data, along with the flow rate and the duration

of flow, sufficeto calculatethe mass of hardnessthat has been loaded onto a
G

bed. That bed can remain in serviceuntil its practicalexchangecapacityhas

been reached.

In the examplecalculations,it has been assumedthat the entire

throughputof the ATES installationwill be softened. However,it is not

alwaysnecessaryor desirableto completelysoften the water. If swelling

clays (e.g.,montmorillonite,known commerciallyas "bentonite")are present

in the aquifer, increasingthe sodiumcontentof the groundwater can cause

clay swellingand dispersion,with a consequentloss of aquiferpermeability.

The likelihoodof swellingand dispersioncan be anticipatedby calculating

the "sodiumhazard" (Jackson1958),which is based on the specific

conductivityof the water and the sodium adsorptionration (SAR). The SAR is

defined as

SAR = (Na)/(Ca+ Mg)°'s

where the concentrationsof sodium,calcium, and magnesiumare in meq/L.

Also, even in the absenceof swellingclays, partialsofteningmay be

adequatefor the preventionof significantcarbonatescaling. A public domain

computerprogramfor calculatingthe sodium hazard and evaluatingwater

treatmentoptions (includingpartialsoftening),H2OTREAT,is availablefor

DOS and UNIX computers(Vail et al. 1993).
m

Where partial softeningis chosen, it is necessaryto split the water

streambefore it enters the softeningplant, with part of the water bypassing

the plant. The softeningplant is then sized based on the daily volume of

water that is actuallysoftened. The split flow streamsare recombined

downstreamfrom the softeningplant. As sodium increasesin the recycled

11
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water, the sodiumcontentof the recombinedeffluent streamcan be controlled

by reducingthe fractionof the stream that is passed throughthe softening

plant and by adjustingthe regenerationscheduleof the individualbeds.

12
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