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1. Introduction

We build option model for pricing individual defined contribution pension and examined whether indi-
vidual defined contribution pensions can reduce inefficiency in defined benefit pensions in this paper.

The nature of the pension contract depends on whether the plan is a defined benefit (DB) or defined
contribution (DC) pension. In the case of DC pension, contributions are invested, often at the participant’s
direction, in stocks, bonds, or other financial instruments. In the United States, the fastest—growing DC
plan is the 401(k). The 401 (k) participants must have a choice of at least three funds to choose from a
stock index fund, a bond fund, and usually a money market. In the case of a funded DB plan, the plan
sponsor is expected to contribute to the plan in an olderly fashion according to actuarial standards, so the
needed funds are available when the worker retires.

As the period of annuity is long, the value of DB pension fluctuates. The DC pension sustains the
value by giving consumers part of the investment income.

In the case of DC pension, the insured is given a part of investment income to sustain the value of
annuity. If the investment income is higher than minimum guaranteed insurance, an excess is added to in-
surance. By contrast, if it is lower than minimum insurance, minimum insurance is paid. The DC pension,
therefore, is thought of as derivative financial assets with payments that depend upon changes in the in-
vestment income. Then the insurers give put option and receive option premium in return.

When we approximate the price of annuity to a Brownian motion process, the Black—Scholes approach
leads to the price of annuity, which is the sum of the future price of annuity and option premium. But
we can not know the exact future price. Hence, the premium is high in expecting that the future price
rises, and it is low in expecting that the future price falls.

We use the option pricing model for examining the relation between DC pension and the price fluc-
tuation. The remainder of this paper is organized as follows. In Section 2, we explain defined benefit
(DB) pension and defined contribution (DC) pension. In Section 3, we prove the inefficiency of the defined
benefit pension. Section 4 provides the optimal demand for the defined benefit pension and the effect of
price fluctuation. Section 5 provides option model for pricing individual defined contribution (DC) pension

and the effect of price fluctuation. The last section provides a summary and conclusions.
2. Defined benefit and defined contribution
Workers forecast the future and save enough to smooth consumption over time. But the lifetime

budget constraint includes many uncertain components — real earnings, public and private pension benefits,

investment returns, healthcare needs, and job loss or disability. Pensions play a key role in protecting
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against these risks.

Pensions offer a mechanism for people to share longevity risk with a group of fellow—employees, but
the insurance market for individual annuities is skewed by adverse selection because people who buy indi-
vidual annuities are likely to live much longer than the population average. For this reason, a firm—based
or occupational pension plan can afford workers a valuable precommitment device.

While pensions can help mitigate these potent individual risks, they in turn expose employees covered
by a firm—based pension to risk associated with the plan sponsor — misdirection of investments or spend-
ing on too much administrative costs. Protection against such behavior often motivates government regula-
tions.

The plan sponsor risk, which arises only in DB pension, is a risk associated with under—funded plan
terminations. Protection against the risk of plan sponsor bankruptcy is to have a pension solvency guaran-
tee system. In Germany, DB pension insurance takes the form of a pay—as—you—go solvency fund.

Also county—specific risks occurs in saving via pensions. These include macroeconomic risks associated
with inflation and recession, and also country—specific fluctuations in capital markets.

People must seek international portfolio diversification to protect against these risks, since a country’s
economic and political environment fluctuates in the long run. What is worse, little can be done privately
to protect against the negative financial consequences of the potentially catastrophic crises — depression,
war. For this reason, the huge unfounded government sponsored social security system started. A govern-
ment—sponsored defined benefit system transfers income from workers to the retired generation and redis-
tributed these risks from the then old to future taxpayers.

In developing countries, DC pension has grown over the past several decades. In the United States,

the fastest—growing plan type is the popular 401 (k).
3. Inefficiency in DB pension

At first, we explain the inefficiency of DB pension. The market economy is composed of individuals
and firms. The model proposed here is comprised of three periods. The difference of between the first and
the second period of life is only the difference of the probability of individuals’ death. An individual is
born at the beginning of the first period. The probability that he dies at the end of the first period is p1
and the probability that he dies at the end of the second period is p2.

Individuals work only in the first period of life, earn a wage of W and do not leave their property.
Individuals live for one or two or three periods. They consume part of their first—period income and, save
the rest or purchase annuities to finance their retirement consumption. Let ¢: denote consumption in period
t. If they live for three periods, they derive utility U(ci, ¢2, ¢3). If they live for two periods, they derive
utility V(c1, ¢2). If they live for only one period, they derive utility H(c1). Then individuals’ expected
utility # are described as follows.

uler, ¢z, c3)=(1—p1 )(1=p2)Ulcu, c2, c3)+(1—p1)p2V (e, c2)+p1H(er) (3—1)

Using the rate of time preference, we can reformalize as follows

v(cz) | v(es) (3-2)

Uler, ez, e5)=v(er)+ 1+o0  (1+4p)°

Ve, cQ>:v<cl)+”(“p) (3-3)

H(ei)=v(c1) (3—4)

The parameter © is the rate of time preference and the function v(e) is the utility function of con-
sumption ; ¥(®) is nonnegative and a concave increasing function of the consumption.

Suppose that individuals purchase annuities to maximize utility and they pay fair premium that equals

— 262 —



Defined Benefit Pension Annuity and Defined Contribution Pension Annuity

the expected value of annuities.

_1-p (1=p1)(1—p2) . 2 _
= 1+1/a2+ (1+7’)2 3, (o 5)

where z is the premium of annuities, @: is the annuity in period ¢ and 7 is the rate of riskless interest.

z

When individuals can purchase such an annuity and have no incentive to leave their property, they
don’t save. Because annuities, which hold (3—5), have higher profitability than saving. If they save to fi-

nance their retirement consumption, saving S they need is as follows.

11
N 1+1fcz+(1+1f)

S 5C3 (3—6)

$>2z
Then the budget constraint in the first, second, and third period are as follows respectively.
w=ca+z (3-7)

az = C2 (3_8)

We can derive the lifetime budget constraint from (3—5,7, 8, 9).

_ 1-m (1=p1)(1—p2)
L (1+r? ¢

Consider a representative individual. His maximization problem is

(3-10)

2+

max M(Cl, C2, 03):(1—1)1)(1—1)2)(](61, C2, Cs)-i-(l—l)l)sz(Cl, Cz)+p1H(6‘1)

(1=p1)(1—p2)
(1+7)?

The first—order conditions for maximum are

1—p
1 147 c2+

subject to W =c¢ Cs.

v (e)—p=0 (3—-12)

1-p1 , =P 10
1+pV(C2) =0 (3—13)

(1-p)(1—p2) , (1=p1)(1—p2)
B T (e b

where / is a Lagrange multiplier. We can derive the following from (3—12, 13, 14).

©v=0. (3—14)

Vie) =12 (e) (3-15)
Vv (es)= 1;‘;1}%@) (3-16)

We can derive the following results from (3—15, 16).

If o=7, then ¢1=c¢2=>cs.
If o <7, then ¢c1 <c2 <cs.

Proposition 1
When the rate of time preference is higher (lower) than the interest rate, optimal consumption increases
(decreases) with age. In the case of the DB pension, annuity in the second period equals annuity in the

third period. Therefore the DB pension is inefficient.
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4. Demand for DB pension annuity and interest rate

How does a rise of price have an effect on demand for DB pension annuity and inefficiency of DB
pension? In Section 4-1, we derive the optimal demand for DB pension when individuals save part of in-
come to make up for the shortage of DB pension. In Section 4-2, comparative statics are used to prove
how the fluctuation in the interest rate has effect on the demand for DB pension.

4-1 Basic Model
In the case of DB pension, annuity in the second period equals annuity in the third period. Therefore
if we denote fixed annuity as @, then @ = @2 = as and (3—5) is rewritten as follows.

_1-p

(1=p)(1—p2)
T 147 a

(1+7)?

z a+ (4—-1)
Since consumption changes with age, the DB pension annuity is not enough for individuals to consume
efficiently. Then individuals save part of income to make up for the shortage. Introducing saving, the

budget constraints in each period are rewritten as follows.

w=c1+z+Si (4*2)
(1+7)sita=co+s2 (4-3)
(1+7’)32+a=63, (4*4)

where $1 = saving in the first period

S2 = saving in the second period

Individuals choose consumptions in each period, saving and annuity to maximize their expected utility
under budget constraints (4—2, 3, 4). When we solve (4—1) for @, we derive the following equation.

(14+7)?

1= p )1+ (1=p)(1=ps) 475

a7

When we assume ¢i(i=1,2,3),s(i=1,2),z are all nonnegative, individuals’ Lagrange function is as
follows.

L=ul(ci,co, c3)+pi(w—ci—z—s1)+pu2[(1+7)si+ta—co—s2 |+ u3[(1+7)s2+a—c3]
+us(a—Ez)+qici +qocs+ qscs + qasi + gss2 + qoz, (4—6)

where are #i (=1, 2,3) the Lagrange multipliers on budget constraints and is a Lagrange multiplier on
(4—5) when & is defined as follows.

(147)? (
= 4-7)
S+ N(—p (1 p0)
qi(i=1,2,..,6) are Lagrange multipliers on nonnegative constrains. Then the first—order conditions are
as follows.
g—i:V'(é’l)—#ﬁqu:O (4—8)
1_ ’
g_fzz 1+1;1”(”)_/‘2+‘12:0 (4-9)
1- 1—p2) ,
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g—ﬁ‘l:ﬂ1+(1+r)yz+q4:0 (4—11)
g—i:#z+<1+r>m+q5:o (4-12)
%—é:—m—&zﬁqa:o (4-13)
%—lz‘:#z+u3+/z4:0 (4—14)
g—i‘l:w—cl—z—sle (4-15)
g—i‘z:(l-kr)sl-l-a—w—sx:o (4-16)
gi‘g:(l-kr)sﬁ-a—cs;:o (4—-17)
g—i:a—éz:o (4—18)
qici=0(i=1,2,3) (4—19)
qi3ci =0 (i=1,2) (4-20)
g5z = 0 (4-21)

g (i=1,2,..,6)=0 from (4—19, 20, 21)

2
[%_1]/“ =0 from (4—11, 12, 13, 14)

From (4—7),

(1=p)(1+7)(1=p1)(1—p2) _
[ L =0 (4-22)

Since p1, p2 are probability, 0 <p: <1 (i =1, 2). Therefore (4—22) holds for any #1 when p1 =p2=0.
That is, si >0 (i=1, 2), z> 0 hold at once when p1 = p2 =0.

4-2 Comparative Statics

As shown in the previous section, when the probability of death and demand for annuity are positive,
both savings in the first period and the second period are not positive. Then we analyze the following
two cases: (1) s1>0,s:=0, (2) s1=0,s:>0,

(1) s1>0,82=0 (7’<p)

As shown in the previous section, when the rate of time preference is higher than the interest rate,
optimal consumption decreases with age. In this case, individuals can consume enough within DB pension
annuity, so that saving in the second period is zero.

At the beginning of the first period, individuals choose consumption, saving and annuity to maximize
expected lifetime utility (3—1, 2, 3, 4) under budget constraints (4—1, 2, 3,4, 5, 6). Since s2 =0 by as-
sumption, the budget constraints in the second and third period is rewritten as follows.

(1+7)si+a=c (4—23)
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a=cs (4—24)

From s1 >0 and (4—23, 24),
Cc2 > C3 (4—25)
From (4—23, 24), the lifetime budget constraint is as follows.

e (L=p)A+r)+(1=p)(L=p2)=(1+47)
T+r (147)? ’

w=ci+ (4—26)
Also, if ¢i(i=1,2,3) is assumed to be nonnegative, then the Lagrange function is as follows.

L=ul(ci, ¢, c3)+p w—cl+1ffr+ (l—pl)(1+7)+2111€1)2(1—P2)—(1+r)Cg

+CI1(Cz-Cs)+£]2€1+L]sCz+q463, (4—27)

where #, gi (i=1,2,3,4) are the Lagrange multipliers.
Now examine how does the increase of the real interest rate have effects on the demand for annuity.
From the Lagrange function (4—27),

;‘;—jz ‘ff; =W1|[L11L42(LSTLZ4—Lng4)+L22L3,], (4—28)
where
D P D A 9L,
Li =56 (1,7=1,2,8); Luu = dciop (i=1,28) L =557 (i=1,2.3).

The Hessian matrix of the second derivatives |H| is proved to be negative, where

L11:1/"(C1)<0,Lzz:11:_1:1}"(62)<0,L24:L42:—1+7<0
JZ b1

2r = > >0, Lgy = — ; < 0.

Lo == > O Lo = = e <0

As we define K as follows, K/(1+47) is the discounted rate of consumption in the third period.

(1*171)(1+1’)+(1*171)(1*1)2)*(14*7’)

K= 1+7r

>0 (4—29)

From (4—29),

Lu=—K/(1+7)<0
daldr<0 (4-30)

Proposition 2

The rise of the interest rate increases the consumption in the second period but decreases the con-
sumption in the third period. Individuals increase saving in the first period to make up for an excess of
consumption over DB pension annuity. However profitability of saving is lower than annuity. Therefore
when the rise of the interest rate increases saving in the first period, the inefficiency of DB pension annu-
ity increases.

(2) s1=0,82>0 (1’>j))
When the rate of time preference is smaller than the interest rate, the consumption in the second pe-
riod is smaller than the consumption in the third period and saving in the second period is positive. Since

s1 =0 by assumption, the budget constraints in the second and third period are as follows.
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a=c:+s (4-31)
(1+7)s2ta=c3 (4-32)

From s: >0 and (4—31, 32),
C3 > (2 (4_33)

From (4—1, 2, 5,31, 32), we can derive the following lifetime budget constraint.

w= Cl+5€2+16?6'3, (4—34)

where

(1—=p1)(1+7)+(1—p1)(1—p2)

0= (14+7)(2+7)

Also, ¢i(i=1,2,3) is assumed to be nonnegative. At the beginning of the first period, individuals
choose consumption, saving and annuity to maximize their lifetime utility (3—1, 2, 3,4) under budget

constraints (4—33, 34). Then the Lagrange function is as follows.

L=u(61, C2, C:«;)+/l w—c1+0c2— C3 +Q1(C3*Cz)+qzc‘1+q:’)62+Q4C:&, (4*‘)6)

0
1+7r
where 1, ¢i(i=1,2,3,4) are the Lagrange multipliers.

Now we examine how the rise of price has effects on the demand for annuity. From the Lagrange

function (4—36), we can derive the following result.

%:ﬁ(urmm—ur&ggko (4-37)
From Lz :11—T1;1V,,(62)< 0
Lu=15,<0
Lo — (1—171)(1—7;)1'21(7;2?51)%12—?2)(27/+3)# -
Lo = (1—171)(21’-1-1(3}2:;)12(—211)?()1 —PZ)(37+5)# =0

Proposition 3

When the rate of time preference is smaller than the interest rate, the rise of interest rate decreases
consumption in the first period but increases the demand for DB pension annuity. In this case, the rise of
interest rate decreases inefficiency of annuity. However, the optimal consumption increases with age when
the rate of time preference is smaller than the interest rate. Note that inefficiency of DB pension annuity

never vanishes.
5. DC Pension Annuity

In the previous section, we prove that the rise of interest rate increases inefficiency of DB pension
annuity when the rate of time preference is larger than the interest rate. The reason is that the rise of in-

terest rate decreases the real value of DB pension annuity. In this section, we examine DC pension annu-

ity. In Section 5-1, the price of DC pension annuity is derived. In Section 5-2, we examine how inflation
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has effects on DC pension annuity.

5-1 Price of DC Pension Annuity

DC pension annuities, whose part of premium are invested on special account, change with investment
income. If investment income is negative, the minimum coverage is paid. On the contrary, if investment
income is positive, it is added to the minimum coverage.

Let the minimum coverage of DC pension annuity denote F dollars and the investment assets, which
is investment income added to minimum coverage, denote E: dollars in the period 7. If E: is smaller
than F', insurers have to pay F dollars. On the contrary, if Er = F, then E: is paid. Then a claim cost
in the period ¢ is max(F, E:)=E:+max (0, F—FE:). In this case, max(0, F—E:) is called a (Euro-
pean) put option spread, and the minimum coverage F is called an exercise price.

Now, we assume the evolution of DC pension annuity £ can be approximated by a Brownian motion
process. Then we can formally write the dynamics of this annuity’s value in stochastic differential equation

form as
dE = gEdt+oEdw, (5—1)

where g is the instantaneous expected rate of growth on this DC pension annuity ; ¢ is the instantaneous
variance (constant) of the return; dw is a standard Gauss—Wiener process. Then the Black—Scholes approach

leads to the following formula for the return on this DC pension annuity :

I(F, Eo, t)= E: +E [max (0, F—Ei)|= E: —Eoe "N(—x")+Fe "N(-xz"+0/t) (5-2)

. _ In(Eo/F)+t(a—38+0%2)
= i ,

x

where FEo is the evaluation of DC pension annuity before invested and it equals the premium; @ is the
nominal rate of return on this annuity; ¢ is the real rate of return on this annuity, 6 =a—g; N (o) is
the standard normal distribution function. —Eve *N(—x*)+Fe "N(—x*+0y/t) is the put option pre-
mium. Since g is included in (5—2), the price of DC pension annuity is independent of individuals® risk
types. Consequently, the option price of DC pension annuity for risk—neutral consumers is the same as the
one for risk—averse consumers. In the risk—neutral case, future price of DC pension annuity is discounted

by its expectation.

5-2 The fluctuation of the investment income

If the minimum coverage of a DC pension annuity is smaller than the DB pension annuity, risk—
averse consumers purchase DB pension annuities. In other words, if risk—averse consumers purchase DC
pension annuities, its minimum coverage is larger than DB pension annuity.

The claim of a DC pension annuity is composed of investment income added to minimum coverage
and option premium. However, since we can not know future investment income exactly, the claim de-
pends on the expected investment income. Therefore, if the expected investment income is high, the claim
is high, and vice versa.

Let claims of DC pension annuities in the second and third period denote a2, @s respectively. When
the rise of interest rate increases the expected rate of return on DC pension annuities, the expected rate of
growth on DC pension annuity, the minimum coverage and the claim increase respectively. Let the price
of this annuity at the beginning of the first period denote Ei, and the real rate of return on this annuity
in the first and second period denote 01, 02 respectively. Then the prices of this annuity in the second and
the third period are Ei(1+61), Ei(1+381)(1+82) respectively. Also, we assume the minimum coverage
equals the claim of a DB pension annuity and let it denote @. When the change of the interest rate is
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expected, (5—2) is rewritten as follows.

a'z:E1(1+61)—E1N(—x2*)+aN(—xz*+dﬁ) (5—4)

s =FEi (1+8)(14+8:)-EN(—x3*)+aN(—x3*+0) (5-5)
. _In(Ei/a)+jla—0;+0°2)
7 (7«/]7

,(7=1,2,3) (5-6)

When the interest rate increases, we assume the real rate of return on this annuity in the second and

third period increase at the same rate. Then the claims on the annuities in the second changes as follows.

day _ _
i =E1>0 (5-7)

da. . : . . 5)]dx2"
dé‘;j = —[x2 EiN(—22)—a (=22 +0V2)N(—22"+0v2) ] dc%i >0 (5-8)

From 2" —0v2 < x2°

N(—x2*)> N(Iz*-FO'ﬁ)

dxs* :—_2
ds: 2 <0

Consequently, in the case of DC pension annuities, the rise of return rate increases the claim of DC pen-
sion annuities in the second period. When the rate of time preference is very high, the effects that the

rise of the return rate increases inefficiency in DC pension annuities are larger than DB pension annuities.
6. Conclusion

In many countries, many elderly people depend on government and employment—based pensions. The
modal pension in the developed countries was of the defined benefit several years ago. A governed—based
defined benefit system transfers income from workers to the retired generation, at least in part. But the
world’s population is rapidly growing aging, so the risks of underfunded plan terminations is increasing
and defined contribution plans are becoming more the norm in the developed countries. We build option
model for pricing individual defined contribution pension and examined weather individual defined contri-
bution pensions can reduce inefficiency in defined benefit pensions in this paper.

When the rate of time preference is very large, a rise of interest rate can increase inefficiency in de-
fined benefit (DB) annuity but reduce the increase of inefficiency. By contrast, when the rate of time pref-
erence is smaller than the interest rate, a rise of interest rate reduces the increase of inefficiency in DB
pension annuity.

When DC pension annuity has positive option premium, its price is larger than DB pension annuity.
Consequently, when the rate of time preference is large, we had better choose DC pension annuity. When
the rate of time preference is small, we had better choose DB pension annuity.

In the case of DB pension, current contributions may be used to support current retirees, at least in
part. Our model is not indexed to inflation, but the DB pension annuity is indexed to inflation only for
workers vesting after a fixed period of years. In this case, inefficiency in defined benefit pensions reduces.
When the aging population grows, we can not sustain DB pension institutions. We must examine the rela-
tion between the growth rate of population and pension institutions.

In the case of DC pension, contributions are invested, often at the participant’s direction, in stocks,
bonds, or other financial instruments. The DC pension sustains the value by giving consumers part of the
investment income. If the investment income is higher than minimum coverage, an excess is added to in-

surance. By contrast, if it is lower than minimum coverage, the minimum coverage is paid.
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Of course, the investment income risk is still there and unexpected economic fluctuation may let many
insurers bankrupt. Our model is not included the probability of insurers’ bankrupt. The factor of bankrupt
has effect of minimum coverage down and risk—averse consumers may shift DB pension annuity. We must

examine the relation between option price DC pension annuity and the probability of insurers’ bankrupt.
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Abstract : In many countries, many elderly people depend on the government and employment—based
pensions. The modal pension in the developed countries was of the defined benefit several years ago. A
governed—based defined benefit system transfers income from workers to the retired generation, at least in
part. But the world’s population is rapidly growing aging, so the risks of underfunded plan terminations is
increasing and defined contribution plans are becoming more the norm in the developed countries. We
build an option model for pricing individual defined contribution pension and examined whether individual

defined contribution pensions can reduce inefficiency in defined benefit pensions in this paper.
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