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Abstract

Implementing monetary policy in an ample reserves regime means choosing a level of reserves
that balances the cost of reserves against interest rate volatility. I use techniques from stochastic
inventory theory to calibrate the size of the needed buffer, and get values that are modest
relative to the level of reserves needed to get to the ample level.
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1 Introduction

In January 2019 the Federal Open Market Committee (FOMC) indicated that it would implement
monetary policy in an ample reserves regime “in which an ample supply of reserves ensures that
control over the level of the federal funds rate and other short-term interest rates is exercised
primarily through the setting of the Federal Reserve’s administered rates, and in which active
management of the supply of reserves is not required” (FOMC 2019). In May 2022, the FOMC
further indicated that “the Committee intends to maintain securities holdings in amounts needed
to implement monetary policy efficiently and effectively in its ample reserves regime” (FOMC 2022)
even as it sought to reduce its securities holdings. Implementing this plan requires holding a buffer
of securities so that shocks to demand and supply do not push reserves below the ample level. This
paper calculates that buffer using techniques from stochastic inventory theory calibrated to the
Federal Reserve’s balance sheet and to the federal funds rate. Results indicate that the buffer may
be relatively small compared to the level needed for ample reserves, despite the FOMC acting as if
the costs of reserves falling below “ample” exceed the costs of having a large balance sheet.

Letting reseves get too low will move the fed funds rate off the floor, or even out of the target
range, particularly if there are adverse supply and demand shocks, and while a larger balance sheet
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makes that less likely, it has costs of its own. The FOMC has explicitly stated the intention to
keep the federal funds rate in the target range, as it made technical changes that were “intended
to foster trading in the federal funds market at rates well within the FOMC’s target range.” It
also acknowledged costs to a large balance sheet both by the reduction in the balance sheet and
by the statement (FOMC 2014) that “the Committee intends that the Federal Reserve will, in
the longer run, hold no more securities than necessary to implement monetary policy efficiently
and effectively.” This problem maps naturally into the newsvendor problem of stochastic inventory
theory, which picks an inventory level that balances the costs of running out against higher storage
costs. Here, it is the cost of an excessive fed funds rate against a large balance sheet. Individual
banks face a similar problem with regard to their own reserves, and my results can be thought of
as applying Poole’s (1968) technique to the market as a whole. The solution from inventory theory
chooses the optimal “critical fractile,” the probability that the balance sheet gets too low (and the
fed funds rate gets too high). Using a revealed preference approach, I note the fraction of time the
FOMC has let the fed funds rate get high and then calibrate the buffer from the distribution of
shocks to the Federal Reserve’s balance sheet. I do this for both piece wise linear and non-linear
demand for reserves.

A variety of recent work has aimed to quantify the reserves needed for an ample regime, and thus
the size of the Federal Reserve’s balance sheet. The Federal Reserve introduced the Senior Financial
Officer Survey (SFOS) in 2018 to gauge banks’ demand for reserves, and Fed staff analyses have used
this to estimate when reserves would fall below ample and become scarce (Andros, Beall, Martinez,
Styczynski, and Thorp, 2019, Keating, Martinez, Pettit, Rezende, Styczynski and Thorp 2019).
More econometrically based work includes (Langowski 2023, Lopez-Salido and Vissing-Jorgensen
2023, and Afonso, Giannone, La Spada and Williams 2022b). Less work has been done quantifying
the buffer needed to defend against shocks to demand and supply. The discussion has mainly
been on a qualitative level. Gagnon and Sack (2019) argue that “the minimum level of reserves
is conceptually murky, impossible to estimate, and likely to vary over time. The best approach
is to steer well clear of it, especially since maintaining a higher level of reserves as a buffer has
no meaningful cost.” Lopez-Salido and Vissing-Jorgenson argue that “a buffer of several hundred
billion dollars does not seem unreasonable given recent TGA volatility.”

This paper contributes to the recent but growing literature on implementing monetary policy
with a large central bank balance sheet. Ihrig, Senyuz, and Weinbach (2020) provide a detailed
description of the ample reserves approach, while Craig and Millington (2017) document changes
in the federal funds market stemming from a large balance sheet. Afonso, Kim, Martin, Nosal,
Potter, and Schulhofer-Wohl (2023a) provide a sophisticated theoretical and empirical justification
for such a regime (that partly motivates this paper). Relative to them, I develop a simpler model
of the reserves market but use techniques from inventory theory to quantify the optimal buffer
more explicitly. Afonso, La Spada, Mertens and Williams (2023b) also look at the optimal supply
of central bank reserves under demand uncertainty. Relative to them I take a more inventory-
theoretic approach and am able to obtain some quantitative results. Early explanations of using
administered rates as a tool of monetary policy include Goodfriend (2002) and Keister, Martin,
and McAndrews (2008), who build on the early work on reserves markets of Poole (1968) and Frost
(1971). Going back even further, Arrow (1958) remarks that Edgeworth (1888) initially developed
stochastic inventory theory to study the Bank of England’s balance sheet. Afonso, Giannone,
La Spada, and Williams (2024) estimate the demand for reserves and what constitutes an ample
level, an issue also explored in Copeland, Duffie, and Yang (2024) and Afonso, Duffie, Rigon, Shin
(2022a). Reserve demand and interest rate control are discussed by Lopez-Salido and Vissing-
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Jorgensen (2023). Lagos and Navarro (2023) calibrate a dynamic equilbirum model of trading in
the fed funds market and develop a monetary confidence band that lets the central bank meet the
interest rate target with a specified degree of confidence. My aggregate approach is simpler and I
think more transparent, and the method determines an optimal degree of confidence, which I then
calibrate to FOMC behavior, rather than leaving it as an open choice.

The rest of the paper is structured as follows. Section 2 describes the basic model of the reserves
market used in the rest of the paper. Section 3 applies stochastic inventory theory to the model
of Section 2 and derives the optimal buffer stock of reserves. Section 4 calibrates the model to US
data, namely, the federal funds rate and the Federal Reserve’s balance sheet, first for the simple
piecewise linear demand function, and then for non-linear demand with both demand and supply
shocks. Section 5 briefly considers other approaches to calculating buffers, meeting a pre-specified
value at risk number or specificed probability. Section 6 concludes.

2 A simple model

Understanding how demand and supply shocks interact with the size of the balance sheet to produce
interest rate variability requires a more explicit model of the reserves market. This section develops
a simple model of an ample reserves regime based on the important work of Afonso et al. (2023a).
Their approach incorporates the equilibrium of supply and demand by expressing the federal funds
rate as a spread above a floor, here assumed to be interest on reserve balances (IORB), where the
spread depends positively on the demand and negatively on the supply of reserves.1

rate = IORB + spread(reservesupply, reservedemand). (1)

Equation (1) expresses the ability of the central bank to move the target rate by changing the
administered rate IORB, and how shocks to demand and supply can cause fluctuations around
that rate.

In an ample, or floor regime, the central bank wishes to minimize the variation in the spread
subject to balance-sheet costs, choosing a balance-balance target T to minimize the expected loss

min
T

Es,δ{L[spread(T ; s, δ), T + s]}. (2)

where L is the loss function, E denotes the expected value, and s and δ are the supply and demand
shocks.

I initally specialize the form of the spread to the following inverse demand function

spread = Max[D − a(T + s− δ

a
), 0]. (3)

where D is the y-intercept of the inverse demand curve; T is the (target) level of reserves; δ is
the demand shock; modeled as a parallel shift in the demand curve shifting the intercept by the
amount δ; s is the supply shock; and a is the slope of the inverse demand curve. See Figure 1. This
captures, in a simple way, the main features of the current reserves market: a demand for reserves
that slopes downward until it reaches a floor at the rate of interest on reserves, at which point any
amount supplied will be willingly held. It puts the demand and supply shocks on the same footing.

1Richer equilibrium approaches to the federal funds market can be found in Hamilton (2020), Afonso, Armenter,
and Lester (2019), Bianchi and Bigio (2022), and Lagos and Navarro (2023).
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This formulation, following Goodfriend (2002), puts a kink point in the demand function at
what we will also call the “saturation point” of reserves: adding more reserves beyond this point
does not lower the spread: demand is saturated. An ample reserves framework puts reserves above
this saturation point, and policy moves the fed funds rate by changing the IORB.

This formulation makes several modeling choices, which have several pros and cons. As in
Afonso et al. (2023a) and Lopez-Salido and Vissing-Jorgensen (2023), the relevant price is not the
federal funds rate per se but the spread, so that an increase in the IORB shifts up the demand
curve. This captures an essential element of how such floor systems are supposed to work. It
also assumes that the IORB, the interest on reserve balances, functions as the floor, which ignores
the often complicated relationships between the IORB and other administered rates such as the
overnight reverse repo (ONRRP) rate. (Lopez-Salido and Vissing-Jorgensen explore this issue in
detail.) Recently, the ONRRP rate and the IORB have been 5 and 15 basis points above the
bottom of the target fed funds rate range established by the FOMC, though the ONRRP spread
was reduced to zero in December 2024. Likewise, this formulation treats the other portions of the
Fed’s balance sheet as exogenous factors: as of October 16, 2024, while the System held $3.2 trillion
of reserves, currency in circulation was $2.4 trillion and reverse repurchase agreements were $0.7
trillion. In monetary policy discussions it is tempting to equate the Fed’s balance sheet with the
level of reserves, but they are by no means identical. The demand curve is piecewise linear, making it
a simplification of Afonso et al. (2023a), and although less realistic, allows for a cleaner calibration
in the inventory context.2 The formulation also assumes that the aggregate level of reserves is what
matters for the fed funds rate, whereas evidence suggests that the distribution of reserves among
banks matters (Copeland, Duffie, and Yang, 2024). See Ihrig, Senyuz, and Weinback (2020) for a
more detailed description of the ample reserves regime, and Mester (2024) for a nice description of
subtle aspects of the operating framework.

The question of rate control is then about how to respond to the shocks that move the spread,
and how much tolerance the Committee has for deviations from the target. Again, this takes as given
a specific target for the federal funds rate. The monetary policy question of the appropriate target
fed funds rate is separate from the level of reserves needed for efficient and effective implementation
of that policy. Likewise I take a floor system as given and abstract from questions about floor versus
corridor systems. See Arce, Nuño, Thaler, and Thomas (2020) for a representative contribution.

3 Inventory

The above model of the reserve market illustrates the interaction between reserve demand, reserve
supply via the Federal Reserve’s balance sheet, and the level of interest rates. Shocks to demand
and supply create interest rate variability when reserves (and the balance sheet) are low. The
optimal balance sheet trades off the costs of interest rate variability against the costs of a larger
balance sheet, and this maps quite naturally into a stochastic inventory problem, where a vendor
balances the costs of excessive inventory against the costs of running out if inventory is too low.

Poole (1968) considered an individual bank’s demand for reserves subject to shocks, and his
analysis can be applied to the central bank. The central bank aims to have a balance sheet no larger

2For example, Afonso et al. (2024) use the functional form

spread = p∗ + (arctan(
θ1 − q + q∗

θ2
) +

π

2
)θ3.
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than necessary to control the fed funds rate. I interpret this as, without shocks, the balance sheet
should be at the smallest level that puts the FFR at the IORB floor (in the Afonso et al. (2023a)
model, that would be a spread of zero). Without loss of generality, I label the combined demand
and supply shocks (s − δ

a ) as a supply shock that adds s to the balance sheet, with a cumulative
distribution F (s) and density f(s) with mean µ. If the balance sheet drops below the minimum level
and the spread rises above zero, there is a per dollar penalty cost cp of the deficiency (which might
be reputational, of course). With a linear demand for reserves, as in Section 2, this is equivalent
to assigning a penalty to spreads above zero but is also compatible with a non-linear demand for
reserves, as long as the cost of reserve shortfalls is linear in quantities. Holding a large balance
sheet has a per dollar cost cB for assets on the balance sheet. An alternative model might follow
the inventory approach more slavishly and only assign costs to balance sheets above the minimum
level of ample reserves, but the results are quite similar.3 The piecewise linear cost structure follows
the inventory literature, but Benartzi and Thaler (1995), in a loss aversion context, find that the
specific functional form is not critical for practical results. Afonso, Kim, Martin, Nosal, Potter
and Schulhofer-Wohl (2023a) also assume linear costs in their theoretical model, while Afonso, La
Spada, Mertens and Williams (2023b) consider non-linear costs in a theoretical context.

3.1 One-period case

Let T (for target) denote the amount of reserves after the open market operation. Let A denote
the minimum level of the reserves needed for an ample balance sheet, the minimum level where the
fed funds rate equals the IORB floor and the spread is zero. (In the model of Section 2, A = D

a .)
Then, following Poole (1968), the (one-period) holding and shortage cost is

L(T ) =

∫ ∞

−∞
cB(T + s)f(s)ds+

∫ A−T

−∞
cp(A− T − s)f(s)ds. (4)

Given reserves of size T , the rate rises above the floor if the shock is negative enough to drive reserves
below A, that is, if T + s < A or equivalently s < A−T , making the penalty cost cp(A−T − s), so
that the loss increases as the fed funds rate gets further above the floor. Given a shock s, the total
balance sheet is T + s, resulting in a cost of cB(T + s).4 The object is to minimize the expected
cost L(T ).

Using Leibniz’s rule (Boas, 1966) the first-order condition becomes

dL

dT
= cB − cp

∫ A−T

−∞
f(s)ds = 0. (5)

Noting that
∫ A−T

−∞ f(s)ds = F (A− T ) the optimal balance-sheet buffer T ∗ is

F (A− T ∗) =
cB
cp

(6)

3For a discussion of the costs of having a large balance sheet related to political economy and credit allocation,
see Copeland, Duffie, and Yang (2024).

4This embeds the not entirely satisfactory assumption that for extreme negative values of s, the balance sheet is
negative and the balance-sheet holding cost becomes negative. This has an aspect of realism, as under a corridor
system there is a borrowing as well as a lending rate. But in any case, I judge the probability to be small and
empirically irrelevant. Section 7.3 in the Appendix works out the case of a lower limit.
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where cB
cp

is the critical fractile and gives the optimal probability of letting the fed funds rate rise

above the floor. Conversely, the optimal level is

A− T ∗ = F−1(
cB
cp

) (7)

The reverse of this, B = T ∗ − A = −F−1( cBcp ), gives the optimal “buffer” level of reserves above

the point of transition to reserve scarcity.
Intuitively, F (A − T ∗) has the properties we expect. As cB increases, the cost of holding a

larger balance sheet increases, F (A − T ∗) increases and T ∗ falls. Provided cB ≥ 0, an increase in
the penalty cost cp decreases F (A − T ∗) and so increases T ∗; as the cost of letting the fed funds
rate rise above its target increases, the balance sheet increases to reduce that probability. Figure
2a illustrates these comparative statics. It may be more intuitive to consider the buffer, B, and
Figure 2b illustrates the comparative statics from that perspective.

The critical fractile is the key component of the analysis, and can be generalized beyond the
one-period model used here. Appendix 7.2 derives the fractile for a discrete-time dynamic model
with a cost of acquiring reserves and set-up costs.

4 Application: Calibrating relative costs and optimal buffer

The theory in Section 3 interprets the point at which reserves become scarce and the effective fed
funds rate rises above the floor as similar to the inventory concept of stock-out, where inventory
hits zero. The optimal level of inventory, determined by the critical fractile, is then the optimal
buffer stock for keeping reserves in the ample regime. Taking a revealed preference approach, this
section calculates the optimal buffer using data on bank reserves, the Fed’s balance sheet, and the
fed funds market. The critical fractile, equation (6), is calibrated as the fraction of time that the
fed funds rate rises above the floor. Given the critical fractile, the next step is to estimate the
distribution of supply shocks. Inverting that distribution at the critical fractile implies a value for
the optimal buffer, F−1(F (B)) = B. As a robustness check, I use several defintions of what it
means for the fed funds rate to be off the floor, and several estimates of the distribution of shocks,
leading to a range of buffer values.

4.1 Data

There are several ways to determine when the fed funds rate is off the floor and reserves are no
longer ample. The one that best matches the model of Section 2 compares the effective fed funds
rate with the interest on reserves. Using this definiton, the floor is the interest rate on excess
reserves, IOER, from October 15, 2008, until it is replaced by the interest on reserve balances on
July 29, 2021, which I use until July 5, 2023. Both series are taken from the Federal Reserve’s
Data Download site.5 The effective fed funds rate is calculated by the Federal Reserve Bank of

5https://www.federalreserve.gov/datadownload/Choose.aspx?rel=PRates The Federal Reserve has paid
interest on reserve balances since October 6, 2008. Initially there were two rates: one for required reserves (interest
on required reserves, IORR), and one for excess reserves (interest on excess reserves, IOER). Reserve requirements
became zero effective March 24, 2020. Not needing to distinguish the rates, the Board of Governors established the
interest rate on reserve balances effective July 29, 2021. Since its inception, the IORB has been set at 15 basis points
above the lower limit of the federal funds target range. The IORR stood at 25 bp above the bottom of the range
from the end of 2008 to June of 2018, when it decreased to 20 bp, after which it fluctuated slightly, reaching a low
of 5 bp in 2019 before rising to 15 again in the summer of 2021, just before it was replaced by the IORB.
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New York “as a volume-weighted median of overnight federal funds transactions reported in the FR
2420 Report of Selected Money Market Rates” (FRB NY, n.d.). A more conservative approach (in
the sense of less time above the floor) would consider when the EFFR rises above the target range
established by the FOMC. The target range for the fed funds rate starts December 16, 2008, and
so starts later than the payment of interest on reserves. This is taken from the Federal Reserve via
FRED: DFF Federal Funds Effective Rate, Percent, Daily, Not Seasonally Adjusted, DFEDTARU
Federal Funds Target Range - Upper Limit, Percent, Daily, Not Seasonally Adjusted.

Over most of the interest on reserves period, however, macroeconomic concerns (financial crises,
COVID) dominated decisions about the balance sheet. The period where the FOMC appeared to
be concerned about keeping the fed funds in range was much shorter. What the FOMC termed
balance sheet normalization commenced in October 2017 and ended in August 2019, two months
ahead of the originally scheduled stop. Over that time the spread between the interest rate on
reserves and the target fed funds range was adjusted four times. The Implementation Note in each
case explained that the change was “intended to foster trading in the federal funds market at rates
well within the FOMC’s target range.” The Federal Reserve Bank of New York’s Liberty Street
Economics Blog (Afonso, Logan, Martin, Riordan and Zobel 2022b) notes that these technical
adjustments were “a tool the Fed can deploy to keep the FOMC’s policy rate well within the target
range.” Thus, for purposes of computing the critical fractile, I use the period from January 2018
to March 2020.

As explained above, the critical fractile is the fraction of time that the federal funds rate rises
above the floor. The EFFR is usually below the IORB, indicating ample reserves. However, over
the January 2018 to March 2020 period, when rate control issues were more salient, the EFFR
exceeded the IORB 29.9 percent of the time. This pins down the critical fractile of stocking out
F (A− T ∗) = cB

cp
from equation (6) to 29.9 percent.

The second step in calibrating the buffer involves estimating F (s), the distribution of supply
shocks to the Fed’s balance sheet. I first follow Lagos and Navarro (2023) and look directly at
changes in reserves during the ample reserves regime, and then use an important autonomous factor,
the Treasury General Account (TGA) ($0.4 trillion), whose level is controlled by the Department
of the Treasury. If the Treasury spends money, drawing down the TGA, reserves increase. The
publicly available balance-sheet data is weekly, but I use confidential daily data from the Federal
Reserve FR-34 report, from December 1, 2015 to July 10, 2024. To preserve confidentiality I do not
report the summary statistics for the daily data. For weekly data, the mean change in reserves is
$373 million with a standard deviation is $51 billion. For changes in the Treasury General Account
the mean is $233 million and the standard deviation $30 billion.

4.2 Buffer size

Given an observed critical fractile, equation (6), the next step in calculating the optimal buffer
requires estimating the distribution of balance-sheet shocks, F (s). A normal distribution is the
usual place to start (Porteus, 2002, p. 12) but it may not be the best choice. A Shapiro-Wilks
test and a QQ plot (not shown) indicate substantial non-normality and fat tails. I estimate the
density using a Gaussian kernel (implemented in R).6 Using different kernels or bandwidth had
minimal impact on the estimation. Since kernel estimates can lead to estimates above the range of
the data (Härdle 1991 section 3.0), I also compute quantiles on the actual empirical distributions

6Using the R command density() with the default kernel (gaussian) and bandwidth (nrd0).
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for comparison.7 Using the kernel estimate, the critical fractile of 29.9 percent implies an optimal
buffer of $129.5 billion, while the empirical distribution implies a smaller buffer of $15.4 billion.
Recall that these are numbers for the buffer, and total reserves should be grossed up by the reserves
needed to attain the ample level.

The above procedure assumes that penalty costs start when the effective fed funds rate rises
above the IORB rate. A more conservative approach might judge the fed funds rate as excessive
when the effective fed funds rate rises above the upper limit of the target range. This happened
only once in the January 2018 to March 2020 period, implying a critical fractile of 0.18 percent, in
turn implying a ratio of penalty costs to balance-sheet costs of 555, and an optimal buffer size of
$356 billion under the estimated distribution.

Table 1 collects the calibrated buffers according to the various criteria for the January 2018 to
March 2020 time period. The first panel uses the changes in reserves as the supply shock, estimated
via a kernel and the empirical distribution. The second panel uses the daily changes in the TGA
as the supply shocks.

Table 1: Optimal Buffer Levels Under Different Assumptions

Criterion Distribution Sample Critical Fractile Buffer

Changes in Reserves
EFFR >IORB Kernel 2018:01-2020:03 29.9% 129.5
EFFR> Upper Target Kernel 0.18% 356.1
EFFR >IORB Empirical 29.9% 15.4
EFFR> Upper Target Empirical 0.18% 250.0

TGA changes
EFFR >IORB Kernel 2018:01-2020:03 29.9% 90.6
EFFR> Upper Target Kernel 0.18% 248.7
EFFR >IORB Empirical 29.9% 8.1
EFFR> Upper Target Empirical 0.18% 140.7

Buffers in billion dollars. Source: Author’s calculations

How does the estimated buffer size compare with the amount of reserves needed to be ample
(an estimate of A above)? Waller (2022) noted that“financial markets worked well” when bank
reserves were about 8 percent of GDP, which, as of 2023 Q2, equals about $2.09 trillion, equivalent
to a SOMA size of about $5.14 trillion at the July 2023 SOMA to reserves ratio (July 6, 2023
H.4.1). This makes the optimal buffer about 6 percent of reserves or 2.5 percent of the SOMA
portfolio. Afonso et al. (2022a) estimate that the transition between scarce and ample reserves
happens at about 8 percent of bank assets, which, as of February 2023, stood at $22,895 billion
(Federal Reserve H.8), suggesting reserves of $1,832 billion or a SOMA level of $4,487 billion. Either
number suggests the buffer size is relatively small compared to the minimal level required for ample
reserves. It seems to be roughly in line with the suggestion of Lopez-Salido and Vissing-Jorgensen
(2023, p.25), who remark: “A buffer of several hundred billion dollars does not seem unreasonable
given recent TGA volatility.”

7In their theoretical example, Afonso et al. (2023a) use a uniform distribution.
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4.3 The critical fractile and relative costs

Since the critical fractile is determined by a ratio of costs, a given critical fractile implies a cost
ratio. Then cB

cp
= 0.299 or cp = 3.3cB . This is consistent with the FOMC acting as if a dollar of

reserve deficiency is a bit more than 3 times as costly as maintaining an extra dollar on the balance
sheet. FOMC statements might suggest at least a similar ordinal ranking, as they first discuss the
fed funds rate and then the balance sheet.

We can take this one step further. There are few, if any, estimates of the direct costs of a
large balance sheet, which include banks holding higher capital against reserves, reduced bank
participation in capital markets and a soaking up of scarce safe collateral (Schnabel 2024), all of
which are hard to estimate. There is also a direct fiscal cost. Lucas (2022) notes that between
2008 and 2019, the IORB exceeded the rate on 3-month Treasury bills by 15 basis points. (As of
November 7, 2024, the IORB rate was 4.65 percent and the Treasury Constant Maturity 3-month
T-bill rate was 4.43 percent, per the H.15 report.) That represents a cost of $1.5 million per $1
billion of excess balance sheet, which, using the 3.3 ratio calculated above, implies a fiscal cost of
reserves dropping below the ample level by $1 billion to be $5.0 million.

4.4 Non-linear demand

As mentioned above, the piecewise-linear demand function assumed here is a simplification. The
revealed preference calibration approach, however, works with a non-linear demand curve. Given
a demand curve and quantity of reserves, shocks to supply and demand will create a distribution
of interest rates, and assuming optimization by the monetary authority, this will imply a critical
fractile and inverting the distribution will provide the optimal buffer. The general non-linear theory
will still imply a fractile that can be used to calibrate the model.

In this paper I do not estimate the demand for reserves and instead take estimates from Afonso,
Giannone, La Spada, and Williams (2024). To account for parameter uncertainty, I calculate buffers
first using the intitial parameter choices of AGLW and then their estimated values. The form of
their demand function is

spread = p∗ + (arctan(
θ1 − q + q∗

θ2
) +

π

2
)θ3. (8)

spread and p∗ are in basis points, and q and q∗ are in percent of aggregate bank assets, which
in 2018-2020 was about $18 trillion. Table 2 lists the parameters taken from AGLW used in the
calibrations. It also notes that the threshold between scarce and ample reserves that AGLW use is
θ1 + θ2/

√
3, the point where the slope of the demand curve changes the fastest (a second derivative

condition). However, the second derivative criterion used by AGLW results in a spread below zero
at the ample level. This would often result in a negative buffer, since to match the critical fractile
the target level of reserves would be below what AGLW define as ample. It seems more appropriate
to define ample as the point where the spread is zero, being more in line with the FOMC’s May
2022 press release on Plans for Reducing the Size of the Federal Reserve’s Balance Sheet, which
stated that it planned to “stop the decline in the size of the balance sheet when reserve balances
are somewhat above the level it judges to be consistent with ample reserves.” The buffer calculated
by the calibration will be relative to this point. The table also lists the AGLW ample level, for
comparison.

As before, the buffer is calibrated by matching the critical fractile, a revealed preference that
assumes the FOMC is optimizing, even if the costs are not observable to the econometrician. Given
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Table 2: Parameters for the Afonso, Giannone, La Spada, and Williams Demand Function

Parameters Initial Estimated
θ1 7.3 4.82
θ2 2.89 5.55
θ3 15.3 18.22
q∗ 0.0 0
p∗ -20 -20
Implied level of Ample 8.97 8.02
Ample level, $ billions $1614.3 $1444.4
Zero-point Ample 8.97 8.02
Zero-point Ample level, $ billions $1614.3 $1444.4

Units: percentage of total bank assets, p∗ in basis points.
Source: Author’s calculations

a target level of reserves, the distribution of supply shocks implies a distribution of the spread (fed
funds rate less IORB). The calibration chooses the target level of reserves so that the amount of
time the fed funds rate exceeds the IORB matches the data: that is, to match the observed critical
fractile. The buffer is then the difference between the target level of reserves and the ample level
of reserves defined as having a zero spread. This is done using data on reserve shocks and TGA
shocks, for both the initial parameters in the AGLW paper and their final estimated parameters.

A non-linear demand curve requires taking demand shocks more seriously. To account for
demand shocks, I allow shocks to the p∗ term in equation 8. This adds a vertical shift to the
demand curve. I produce the shocks by taking 2000 draws from a normal distribution with mean
-18.75 and standard distribution 2, meant to approximate the distribution of p∗ in Table 6 of
AGLW. Combined with supply shocks, this produces four million equilibrium spreads. As before,
the target level of reserves is chosen to match the fractile of time that the spread rises above zero
(alternatively, when the EFFR rises above the top of the FOMC’s range). Table 3 reports the
results.

The values in Table 3 are larger than the values for the piecewise-linear demand in Table 1.
Also note that the optimal target level is often below the level AGLW define as ample, because in
the AGLW demand specification the FFR-IORB spread is negative at the level of ample reserves.
Given the observed shocks, to match the critical fractile, the target level of the balance sheet should
be below the ample level. Though perhaps counter-intuitive, this matches the theoretical results
in Afonso et al. (2023a). Excluding demand shocks, the buffers would be uniformly negative, as
reported in Table 4 in the Appendix.

As a point of comparison, the table also lists the 99 percent value at risk levels for the spread,
that is, the target level of reserves needed to make sure the spread stays above zero 99 percent of
the time, or stays below the top of the fed funds target range 99 percent of the time.

5 Buffers to limit FFR variability

The inventory approach provides one way to calculate an optimal balance-sheet buffer. Afonso
et al. (2023a) provide some qualitative results on the optimal buffer when the object is either to
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Table 3: Optimal Buffer Levels with AGLW demand, With DEMAND shocks, Kernel estimates

Criterion Target $Target Buffer $Buffer

Changes in Reserves
Initial Values
AGLW Ample 8.968 1614.3
Zero Ample 4.03999 727.2
EFFR >IORB 8.57801 1544.04 4.54 816.84
EFFR> Upper Target 7.50 1350 3.46 622.80
99% VaR EFFR >IORB 9.4652 1703.74 5.42 976.54
99% VaR EFFR> Upper Target 7.3 1314 3.26 586.8
Estimated Demand Values
AGLW Ample 8.024294 1444.37
Zero Ample 3.83045 689.48
EFFR >IORB 8.59 1546.2 4.76 856.72
EFFR> Upper Target 6.4 1152 2.57 462.52
99% VaR EFFR >IORB 10.39 1870.2 6.56 1180.72
99% VaR EFFR> Upper Target 6.2 1116 2.37 426.52

TGA changes

Initial Values
AGLW Ample 8.968 1614.3
Zero Ample 4.03999 727.2
EFFR >IORB 8.57 1542.6 4.53 815.40
EFFR> Upper Target 7.4 1332 3.36 604.8
99% VaR EFFR >IORB 9.5 1710 5.46 982.80
99% VaR EFFR> Upper Target 7.243 1303.74 3.20 574.54
Estimated Demand Values
AGLW Ample 8.024294 1444.37
Zero Ample 3.83045 689.48
EFFR >IORB 8.61 1549.8 4.78 860.32
EFFR> Upper Target 6.4 1152 2.57 462.52
99% VaR EFFR >IORB 10.54 1897.2 6.71 1207.72
99% VaR EFFR> Upper Target 6.2 1116 2.37 426.52

Buffers in billion dollars. Source: Author’s calculations
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keep the fed funds rate in a given range or to minimize the probability of moving outside that
range. Answering these questions using the simple reserves market model of Section 2 provides an
additional perspective and can serve as a qualitative robustness check on the stochastic inventory
approach. The logic here follows Section 4.4 of Afonso et al. (2023a) quite closely, but considers a
more general probability distribution that eliminates the need to consider a maximum demand or
supply shock.

5.1 Buffer size

Consider the buffer needed to keep the rate in range. If, as defined above, T is the target level
of reserves, denote ϵ to be the tolerance for deviation from the rate target, that is, the maximum
deviation of the spread that will be allowed. Assume that the target T is set so that in the absence
of supply and demand shocks the spread (and thus the rate) is at the desired level. Then the buffer
B must be large enough that

(D − a(T +B + s− δ

a
))− (D − aT ) ≤ ϵ. (9)

or

B ≥ δ − ϵ

a
− s. (10)

This concept of the buffer assumes that the target spread is zero and T is on the flat part of the
demand curve, or at least close. This is in some sense the definition of an ample reserves regime.
A positive supply shock, adding reserves, has no impact on the spread and thus on rates, which
remain at the IORB. This would not be true in a scarce reserves regime, where more reserves would
push the spread below the target. This approach is effectively setting a VaR level and choosing a
buffer to meet that level. Table 3 does that for a 99 percent VaR.

A related question is how far reserves could be allowed to fall below the target. This depends on
the interaction between the demand shock δ and the supply shock s. Then the minimum allowed
level of reserves, call it M , follows from

(D − a(M + s− δ

a
))− (D − aT ) ≤ ϵ. (11)

or

M ≥ T + s+
ϵ− δ

a
. (12)

In other words, the buffer makes sure the supply shock won’t drive the level of reserves below the
minimum allowable level, or equivalently, allow the spread to exceed its maximum permitted level.

5.2 Minimizing intervention probability

The previous section calculated a buffer size, given a tolerance for deviations from the target fed
funds rate. The tolerance parameter was given exogenously, and the natural next step is to derive
the tolerance from an optimizing model, which can then compute the optimal level of reserves.
Of course, that depends on the loss function for the economy. A plausible class of loss functions,
discussed by Afonso et al. (2023a), has the social planner minimizing the probability of intervening
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in the market (preventing the spread from exceeding the ϵ tolerance) plus some cost of having a
large balance sheet.

The simple case is where T is high enough that we only have to worry about injecting reserves,
the case where increases in supply or decreases in demand, which lower the spread, will only take
it to zero and thus stay within the tolerance band. Where is this? We know the kink point in the
demand curve is at the point D− ax = 0 or x = D

a , which implies the target level of reserves must
be at D − aT < ϵ or

T ≥ D

a
− ϵ

a
. (13)

or, equivalently, T can be at most ϵ
a below the kink point D

a of the demand function.
So if condition (13) is satisfied, we only have to worry about supply shocks that decrease reserves

and demand shocks that increase demand.

Pr[D − a(T + s− δ

a
) > ϵ]. (14)

or

Pr[(
D

a
− T )− ϵ

a
> s− δ

a
]. (15)

This has a natural interpretation: the first term (Da −T ) is the difference between the kink point of
the demand curve and the target rate, and from that is subtracted the reserve equivalent amount
of the spread tolerance ϵ

a . This is compared with the reserves equivalent of the supply and demand
shocks, which, if negative enough, will force the spread (and thus the interest rate) above the
tolerance range.

Given the intervention probability in equation (15), the loss function used by Afonso et al.
(2023a), which trades off the probability of intervening against the size of the balance sheet, takes
the following form:

min L = Pr[(
D

a
− T )− ϵ

a
> s− δ

a
] + kT. (16)

This form assumes that the Fed doesn’t care if the rate fluctuates within the tolerance range, and
that there is a fixed cost of intervening, unrelated to the required size of the intervention. Letting
F be the cumulative distribution function (f the density)

∂L

∂T
=

∂

∂T
{F [(

D

a
− T )− ϵ

a
> s− δ

a
] + kT}. (17)

= −f() + k = 0.

More compactly,
f() = k. (18)

The second-order conditions are satisfied when f ′ > 0.
The Committee should increase the target level of reserves until the increased probability of

intervening just equals the increased cost of a larger balance sheet. The cost of intervening here is
normalized to 1, so k, the cost of a larger balance sheet, is in terms of the intervention cost.

A simple comparative static result is also illuminating. Implicitly differentiating (18), we have

dT

da
= −Tf ′()

af ′()
= −T

a
. (19)
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This indicates that a steeper demand curve implies that the target balance sheet should be larger.
This loss function is not fully satisfactory, however. The tolerance range, ϵ, is given exogenously,

and while in principle it might be determined by the legislature or otherwise specified in advance,
ideally it would arise from the costs of trading off interest rate variability, intervention costs, and
balance-sheet size. Otherwise, we can have both a small balance sheet and no intervention, provided
we put up with a variable funds rate.8 The inventory approach of Section 3 explicitly considers the
trade-off.

6 Conclusion

The problem of keeping reserves at a level no larger than needed for effective and efficient interest
rate control maps naturally into a question of inventory policy, trading off balance-sheet costs
against interest rate variability. Assuming a piecewise-linear demand for reserves, the optimal
buffer is modest relative to the balance sheet required to maintain an ample regime. A perhaps
more realistic non-linear demand for reserves leads to a higher optimal buffer. This has implications
for the optimal size of the Fed’s balance sheet and therefore the allowable level of quantitative
tightening (QT).

8Ghironi and Ozhan (2020) discuss using the tolerance range as a policy tool itself.
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Figure 1: The reserves market with ample reserves This illustrates the piecewise linear
demand curve of equation (3).
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(a) Comparative Statics This illustrates how changes in the critical fractile change
the optimal buffer by inverting the distribution function F .

(b) Comparative Statics for the Buffer

Figure 2: Comparative Statics for the Balance Sheet.19



7 Appendix:

7.1 Initial stock and set-up costs

The single-period case has an unrealistic element in that it posits that a per dollar cost of adding to
the balance sheet must be applied to the entire balance sheet, whereas intuition suggests it should
be closer to an adjustment cost, responding to a shock that is small relative to the overall size of
the balance sheet. This can be easily accommodated by defining the initial level of reserves as S,
before the FOMC adjusts reserves. Then the objective function becomes

G(T, S) = c(T − S) + L(T ) = g(T )− cS, (20)

where g(T ) is defined by

g(T ) = cT +

∫ ∞

−∞
cB(T + s)f(s)ds+

∫ A−T

−∞
cp(A− T − s)f(s)ds. (21)

. If no action is taken, the cost is G(S, S) and so the cost savings of moving to T is G(S, S)−G(T, S),
which should be positive if it is worth moving from S to T . Note that G(S, S) − G(T, S) =
g(S) − g(T ). But if we take T to be the optimal level T ∗ it follows from the linearity of marginal
costs and the convexity of g() that it is optimal to move from S to T ∗.9 Of course, fixed costs of
changing the portfolio will affect this result, leading to a zone of inaction (Porteus, 2002, Chapter
9): if there is a fixed set-up cost cT of adjusting the balance sheet, the cost savings, g(T ) − g(S),
must be larger than the fixed cost cT or no adjustment takes place.

7.2 A discrete-time dynamic inventory approach

Consider a dynamic version of the inventory question, where the balance sheet is carried over to the
next period. This follows Chapter 4 of Porteus 2002 so the description will be concise. As before,
if the reserves are below the ample level, there is a per unit cost cp and reserves above the ample
level bear a per unit cost cB . There is a per unit cost of acquiring assets (respectively, inventory)
of c. The state variable is xt, the level of reserves before the central bank intervention, and yt is
the level of reserves after the intervention (but before the shock), so that xt+1 = yt + s. There is
a terminal value function, where the final reserves of size x are valued at vT(x) = −c(x− A). The
balance sheet must be brought up to the ample level, but anything above that is sold at cost c. This
is similar to the assumption of back-orders in the inventory literature. The one-period discount
factor is β and shocks are a random variable s with density f and distribution F .

This problem has a recursive formulation and can be solved via backward induction. Let ft(x)
denote the minimum expected cost starting in period t with reserves at level x. The optimality
equations become

ft = min
y

{c(y − x) + L(y) + β

∫ ∞

−∞
ft+1 + (y − s)f(s)ds}. (22)

Letting

Gt(y) := cy + L(y) + jβ

∫ ∞

−∞
ft+1 + (y − s)f(s)ds (23)

9It follows from the convexity of g(b), and since g′(y) = (c+ cB)− cpF (y) from (5), and g′′(y) = cpf(y) ≥ 0.
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then the optimality conditions can be rewritten as

ft = min
y

{Gt(y)− cx}. (24)

Note that if ft+1 is convex, Gt(y) is convex, since it is the sum of three convex functions. Hence
a y that minimizes Gt(y) gives an optimal level of reserves. Furthermore, ft is convex, following
from convexity preservation under minimization, theorem A.4 of Porteus (2002).

The optimal level can be found more explicity. As a preliminary step, consider the problem of
the last period, assuming reserves are at zero. The problem is to minimize

cy + L(y)− β

∫ ∞

−∞
c(y − s)f(s)ds = c(1− β)y + L(y) + βcµ. (25)

As above, L(y) =
∫∞
−∞ cB(y+s)f(s)ds+

∫ A−y

−∞ cp(A−y−s)f(s)ds. Then letting g(b) := c(1−β)y+
L(y) (25) can be written as

g(y) + βcµ. (26)

Thus, the optimal balance-sheet size S solves

g′(S) = 0. (27)

Using Leibniz’s rule to show that L′(y) = −cP + (cB + cP )F (y) the optimal balance-sheet level is
defined implicitly as

F (A− S) =
cB + (1− β)c

cp
. (28)

For this to be finite, the fractile must fall between zero and one, and for that it is sufficient if the
cost of a balance sheet below the ample level, cp, and the cost of holding excess balances, cB , are
both greater than zero, and that the penalty for a low balance sheet is greater than the discounted
cost of acquiring and holding assets (otherwise it is optimal to do nothing) or cp > (1− β)c+ cB .

So far, equation (28) is only the solution for the last period of the problem. However, we can
show that the optimal value functions ft also have the same slope as the terminal value function,
vT = −c, and so (28) will be optimal in each period.

fN (x) = GN (S)− cx (29)

Hence,
f ′
N (x) = G′

N (S)− c. (30)

So fN (b) has slope −c. This argument of course extends back to previous time periods and estab-
lishes the recursion.

7.3 A non-negative balance sheet

For the one-period problem, impose the condition that the balance sheet must be non-negative or,
equivalently, that the balance-sheet holding cost only applies to a non-negative balance sheet (for
example, if a major cost is the interest paid on reserves). The analogue of the basic equation (21)
becomes

g(T ) = cT +

∫ ∞

−T

cB(T + s)f(s)ds+

∫ A−T

−∞
cp(A− T − s)f(s)ds. (31)
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Differentiating via Leibniz’s rule yields

c+ cB [1− F (−T )]− cpF (A− T ) = 0. (32)

This involves two fractiles, so it is not as easily interpretable as the critical fractile (6) but the
comparative statics are not difficult to compute. Differentiating implicitly,

dx

dcB
=

−[cBf(−x) + cpf(A− x)]

1− F (−x)
. (33)

dx

dcp
=

[cBf(−x) + cpf(A− x)]

F (A− x)
. (34)

More explicit solutions can be obtained by assuming a functional form for the distribution. For
example, letting F ∼ Uniform[−K,K] results in

x =
K

Cp − cB
[cp − cB − 2c] +

Acp
cp − cB

. (35)

7.4 Non-linear demand

Table 4 shows the target level of reserves and required buffer if only estimated supply shocks exist.
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Table 4: Optimal Buffer Levels with AGLW demand, No demand shocks, Kernel estimates

Criterion Target $Target Buffer $Buffer

Changes in Reserves
Initial Values
AGLW Ample 8.968 1614.3
Zero Ample 4.03999 727.2
EFFR >IORB 8.08087 1454.56 4.04 727.36
EFFR> Upper Target 6.125 1102.5 2.08 375.30
99% VaR EFFR >IORB 8.087 1455.7 4.05 728.50
99% VaR EFFR> Upper Target 6.1179 1101.2 2.08 374.00
Estimated Demand Values
AGLW Ample 8.024294 1444.37
Zero Ample 3.83045 689.48
EFFR >IORB 7.6617 1379.1 3.83 689.62
EFFR> Upper Target 4.41 793.8 0.58 104.32
99% VaR EFFR >IORB 7.667 1380.1 3.84 690.62
99% VaR EFFR> Upper Target 4.405 792.9 0.057 103.42

TGA changes

Initial Values
AGLW Ample 8.968 1614.3
Zero Ample 4.03999 727.2
EFFR >IORB 8.080425 1454.48 4.04 727.28
EFFR> Upper Target 6.119 1101.42 2.08 374.22
99% VaR EFFR >IORB 8.0850 1455.46 4.05 728.26
99% VaR EFFR> Upper Target 6.1179 1101.22 2.08 374.02
Estimated Demand Values
AGLW Ample 8.024294 1444.37
Zero Ample 3.83045 689.48
EFFR >IORB 7.66137 1379.05 3.83 689.57
EFFR> Upper Target 4.4065 793.17 0.58 103.69
99% VaR EFFR >IORB 7.67 1380.6 3.84 691.12
99% VaR EFFR> Upper Target 4.404 792.72 0.57 103.24

Buffers in billion dollars. Source: Author’s calculations

23


